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(receptors,  channels, enzymes)  is often dependent on  the  class of phospholipid, 
the particular acyl chains and the physical state of the phospholipids. On the other 
hand,  a perturbation of  lipid bilayer organization by  amphiphilic molecules  (e.g. 
chlorpromazine and olanzapine) could influence the activity or catalyzed processes 
of  membrane‐bound  proteins,  even  without  direct  interaction  between  the 
protein and the amphiphile. 
The main objective of the present study is about the interaction and perturbation 
of  amphiphiles  (a  typical  antipsychotic  drug  chlorpromazine,  an  atypical  drug 
olanzapine, and a  local anaesthetic articaine) on phospholipid bilayers as models 




















e.g.  pumps,  channels,  energy  transducers,  are  determined  by  proteins.  In 
particular,  the  integral proteins which penetrate  through  the membrane are,  for 
example,  ionic channels, the proteins that provide active ionic transport etc.  2,3 . 
The  lipid bilayer  is  the main  fabric of  the membrane, and  its  structure creates a 
semi‐permeable membrane  4,5 . The hydrophobic core  impedes the transport of 
hydrophilic structures, such as  ions and polar molecules but enables hydrophobic 
molecules, which  can dissolve  in  the membrane,  to  cross  it with ease  6,7 .  The 
complex  array  of  phospholipids  present  in membranes  of  different  tissues  and 
organelles demonstrates  the  involvement  in membrane‐mediated events  8 10 . 
Several  early  examples  have  already  shown  that  lipids  behave  not  only  as 
structural molecules but also as active biological molecules, functionally important 
components  of  cells  11 13 .  Many  drugs,  e.g.  antipsychotics  and  local 
anaesthetics, are amphiphilic molecules, known  to partition preferentially  in  the 
plasma membrane, and perturb the packing of phospholipids in biological bilayers 
14 16 .  On  the  other  hand,  the  activity  of membrane‐bound  proteins  can  be 
influenced  by  the  changes  in  the  organization  and  dynamics  of  the membrane 
17 19 . Therefore, one should expect  that perturbation of  the  lipid organization 
by  amphiphilic molecules  (such  as  arise  from  the  drug−lipid  interaction) would 




Most  biological  membranes  contain  a  variety  of  lipids,  including  the  various 
glycerophospholipids such as phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), phosphatidylserine  (PS), phosphatidylinositol  (PI), phosphatidylglycerol  (PG) 
and phosphatidic acid (PA) as well as sphingomyelin (SM) and, in some membranes, 
glycosphingolipids.  This  category  is  characterized  as  the  open‐chain  compounds 
with a polar headgroup and one or two non‐polar hydrocarbon chains linked to a 
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micro-organisms.
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Animals, higher plants, 
micro-organism.
Animals, higher plants,
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The  relative amounts of membrane  lipids differ even  in  the  same  type of cell  in 
different organisms, as shown  in Table 1.2 on  the  lipid composition of red blood 
cell  membranes  from  different  mammalian  species  23 .  The  major  lipid 
composition  of  plasma  membrane  is  sterols,  sphingolipids  and  saturated 
glycerolipids  (Table  1.2),  this  non‐random  distribution  contributes  to  the  high 
packing densities of the bilayer, which promotes impermeability and rigidity  24 . 
Even  in  a  single  cell,  the  lipid  compositions  of  the  plasma membrane  and  the 





nuclear membrane  of  rat  liver  cells  listed  in  Table  1.3  (also  seen  Ref.  29 ).  In 
particular,  it makes up a very high proportion of  the outer  leaflet of  the plasma 
membrane  6,30 .  Phosphatidylethanolamine  (PE)  is  usually  the  second  most 
Table 1.2 Plasma membrane lipid compositions of mammalian red blood cells (wt.%). 
Lipid  Pig  Human  Cat  Rabbit  Rat 
Phosphatidylcholine (PC)  13.9 17.5 18.7 22.3  31.8 
Phosphatidylethanolamine (PE)  17.7 16.6 13.6 21.0  14.4 
Phosphatidylserine (PS)  10.6 7.9 8.1 8.0  7.2 
Phosphatidylinositol (PI)  1.1 1.2 4.5 1.0  2.3 
Phosphatidic acid (PA)   0.2 0.6 0.5 1.0   0.2 
Sphingomyelin (SM)  15.8 16.0 16.0 12.5  8.6 
Cholesterol  26.8 26.0 26.8 28.9  24.7 











PC  31.0 55.2 37.9 42.7 58.3 
PE  14.3 24 38.3 28.6 21.5 
PS  2.7 —  1.0  1.0 3.4 
PI  4.7 7.7 2.0 7.9 8.2 
PA & Cardiolipin  1.4 1.5 20.4 8.9  1.0 
SM  16.6 3.7 0.8 4.1 3.0 
Cholesterol  28.0 6.0  1.0 6.0 5.1 







phospholipids  in eukaryotic cell membranes  25,32 ,  the greatest concentration  is 
found  in myelin from brain tissue, particularly  in molecular species that contain a 
docosahexaenoic acid (22:6ω−3) polyunsaturated fatty acid  33 35 . In yeasts, such 
as S. cerevisiae, PS is the major phospholipid in the plasma membrane, can amount 
to ~34% of  the  total  lipids  36 . Furthermore, Phosphatidylglycerol  (PG)  is mainly 
present  in  plants  37   and  microorganism  (prokaryotes)  38 ,  but  rare  in 
mammalian cellular  lipids, except  in  lungs  tissue, where  the percentage of PG  in 
the total phospholipids is about 10%  39 . Phosphatidylinositol (PI) is an important 
membrane  constituent  of  eukaryotes  40 42 ,  PI  and  its metabolites  regulate  a 
diverse set of cellular processes such as glycolipid anchoring of proteins  43 , signal 
transduction  44,45 .  In  addition,  it may  be  noted  that  only  a  small  amount  of 
cardiolipin  (diphosphatidylglycerols)  is  found  in plasma membrane, but mainly  in 
the  inner mitochondrial membrane  46 .  In contrast to cardiolipin, sphingomyelin 






The asymmetrical distribution/arrangement of  the  lipid composition  in  the  inner 




erythrocyte membrane,  the  first natural membrane  to be examined  for  the  lipid 
asymmetry  since  the  erythrocytes  can  be  easily  purified  in  large  quantities  and 
contain  only  a  single  membrane.  In  Figure  1.2,  the  lipid  distribution  of  such 
membrane  is  shown, where, PC and SM are highly  concentrated  in  the external 
leaflet of the plasma membrane (~80%), PE and PI are the secondary constituents, 
which amounts to ~20%, and PS is mainly on the opposite side  6 . The importance 
of  the  asymmetrical  distribution  of  the  cell  membrane  is  seen  in  normal  cell 
function,  e.g.  the  translocation  of  PS  in  activated  platelets  is  vital  in  clotting 
mechanisms  54 , and exocytosis in mast cells (RBL−2H3)  55 . The preservation of 
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usually  charged  or  polar,  are  esterified  to  the  phosphate  moiety  to  form  a  variety  of
phospholipids. 
hand,  the  sn‐2  position  is  usually  connected  with  unsaturated  fatty  acids.  The 
chain  length  can  vary between 14  and  24  carbons  (most natural  fatty  acids  are 
even‐numbered)  58,59 , and can have up to six cis carbon‐carbon double bonds at 
defined  locations  along  the  hydrocarbon  chain,  e.g.  phospholipids  with 
docosahexaenoic  acid  moiety  (commonly  known  as  DHA,  22:6ω‐3),  which  are 
mainly found in brain tissues  60,61 .  
Furthermore, according to the variability and diversity of the possible acyl or alkyl 





by  a  number  of  properties,  the  most  important  of  which  is  their  amphiphilic 
character. The  lipids having both  the hydrophilic  region and hydrophobic  region 
cause amphiphilicity. In contact with water, they self‐assemble into aggregates so 
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These  different  structural  phases  of  the  aggregation  are  influenced  by  many 
external  factors,  e.g.  the  lipids  present,  temperature,  hydration,  solvent  pH, 
pressure  and  ionic  strength  and  type  of  ions  79 81 .  On  the  other  hand,  the 
intrinsic factors regulating the phase behavior are the  lipid architecture  itself, for 
example,  an  increase  in  the  length  of  the  hydrocarbon  tails  brings  about 
transitions from lamellar to inverted hexagonal phases  82 , whereas an increase in 
the  volume  of  the  headgroup  brings  about  the  reverse  83 .  Moreover,  the 
spontaneous (intrinsic) surface curvature of the lipid system is considered to play a 
central  role  in  determining  both  the  system’s  equilibrium  organization  and  its 
phase  stability  84 ,  which  depends  on  the  composition  of  the monolayer  and 
headgroup–solution  interactions  85 .  For  some  monoacylphospholipids 
(lysophospholipids) form spherical micelles (or cylindrical micelles) in solution have 
positive  spontaneous  curvature  85 . Other  lipids,  such  as  unsaturated  PE,  form 
monolayers  of  negative  intrinsic  curvature  in  inverted  hexagonal  phases  85 . 
Different  lipids  spontaneously  form monolayers  of  different  intrinsic  curvature, 
within which  each molecule,  averaged  over  time,  occupies  a  different  effective 
shape,  e.g.  sphingomyelin  (SM)  occupies  a  cylindrical  volume  (Figure  1.5),  and 
hence  it  tends  to self‐assemble  into bilayer  85 . For spherical vesicles,  it may be 
composed of two monolayers having opposite  intrinsic monolayer curvatures, for 
the  reason of  symmetry,  the net bilayer  intrinsic curvature will be  zero  for both 
membranes (having opposite intrinsic curvature), such as a mixture of unsaturated 
PE  (negative  intrinsic  curvature) and detergents  (positive  intrinsic  curvature) will 
adopt  bilayer  phases,  that  is,  the  detergents  ‘stabilize’  the  bilayer  structure  for 
unsaturated PE  86 . It is crucially important for non‐bilayer phases to be present in 
membranes,  such  as  inverted  micelles  or  related  structures,  for  example,  in 




Membranes are not static sheets of molecules  locked  rigidly  in place, but a  fluid 
collection  of  amphiphilic molecules.  A membrane  is  held  together  primarily  by 
hydrophobic  interactions  (and  van  der  Waals),  which  are  much  weaker  than 
covalent  bonds.  The  membrane  fluidity  depends  on  its  lipid  composition  and 
temperature. As discussed  in Section 1.1.2, plasma membrane  is  rich of  the  lipid 
species with high packing densities  (e.g. cholesterol and  saturated glycerolipids), 
which  will  promote  bilayer  rigidity  and  impermeability  24 .  The  saturated 















































































































































untilted gel phase–hydrocarbon tightly packed 
(at some critical temperature)
fluid phase–bilayer ‘melts’ 










the plasma membranes of  animals, helps  stabilize  the membrane by decreasing 
the movement  of membrane  phospholipids  98,99 .  The  fluid  structure  plays  an 
extremely important role for many cell functions, e.g. rapid cell growth  100 , lipid 





The  isolated  (one‐component)  lipid samples show a sharp gel‐to‐liquid‐crystalline 
phase transition, referring to the overall phase transition  89,105 , while naturally 
occurring  lipids show broad non‐cooperative transitions due to the heterogeneity 




all  the  tilted  all‐trans  acyl  chains  are packed  together  closely due  to  the  lateral 
chain−chain  contact  distance  is  most  favorable  in  terms  of  van  der  Waals 
attractive  interactions.  As  the  temperature  is  gradually  raised  to  the  transition 
temperature  (Tm),  the  tilted  acyl  chains  are  progressively  energized,  the  tight 
packing  is  released  abruptly  at  Tm.  The  principal  change  in  accompanying  the 
transition is the trans gauche rotational isomerization of methylene groups about 
the single C−C bonds along the lipid acyl chain, which results in an increased cross‐






















































































































































Pre-transition: tilted gel phase (Lβ') → ripple gel phase (Pβ')1















of  the bilayer with  looser packing, and  thus dramatically decrease Tm  89,115 .  In 
Table 1.5, the Tm−profiles of C(20):C(18) PE and its unsaturated species with 1−4 cis 
Δ‐bonds  in  the  sn‐2  acyl  chains  are  shown.  The  Tm  decreases  regularly  with 
successively adding of cis Δ‐bonds into the sn‐2 acyl chain. 
 
C 20: 0 : C 18:  PE
75.8
C 20: 0 : C 18: ∆  PE
54.8
C 20: 0 : C 18: ∆ ,  PE
31.6  
C 20: 0 : C 18: ∆ , ,  PE
10.4
C 20: 0 : C 18: ∆ , , ,  PE
3.9  
The  phase  transition  may  be  detected  by  various  techniques  such  as  high‐
resolution DSC  107 109,116 118 , X−ray diffraction  106,116,119 , NMR  76,120,121 , 
dilatometry  122 ,  ESR  123 ,  fluorescent  and  Fourier  transform  infrared 
spectroscopies  124,125 .  In  addition,  many  properties  of  membranes,  such  as 




plasma membrane, known as the fluid mosaic model  133 , which  is still generally 
accepted  today as  the most  correct model  for membrane  structure  (Figure 1.9), 
supported by freeze‐etching technique  134 . It essentially consists of a structurally 
and  functionally  asymmetric  bilayer  of  phospholipid  molecules,  studded  with 
Molecular species of PC  Tm  ΔC 
C(15:0):C(17:0) PC  41.7 0.5 
C(14:0):C(18:0) PC  39.2 2.5 
C(13:0):C(19:0) PC  32.6 4.5 
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Cellular  membranes  like  those  of  retinal  rod  outer  segments  175 177 , 
mitochondria  178 , spermatozoa  179  and cerebral grey matter  180  have a high 
percentage of phospholipids with polyunsaturated acyl chains, i.e. the ω‐3 and ω‐6 
polyunsaturated  fatty acids  (PUFAs)  181 , which are structurally classified as ω‐3 
fatty acids, having three carbons between the methyl terminus and the last double 
bond. The PUFAs cannot be manufactured de novo by the mammalian body  182 . 
These can be supplied by the diet, as in breast milk  183  or sea food  184 , or may 
be manufactured by synthesis within the body from dietary linoleic and α‐linolenic 
acids,  respectively,  by  sequential  desaturation  and  elongation  185 .  Reduced 
levels  of  these  polyunsaturated  fatty  acids  are  associated  with  increased  lipid 
peroxidation  products  in  plasma  186 ,  related  to  a  variety  of  pathological 
conditions  like  cancer  187 ,  visual  disorder  188 ,  schizophrenia  189   and 
cardiovascular  disease  190 194 .  On  the  other  hand,  elevated  levels  of  the 
polyunsaturated  PC  has  been  observed  in  Crohn’s  disease  195 .  Thus,  these 
apparently  unrelated  diseases,  indicate  a  fundamental  role  played  by  the 
polyunsaturated fatty acids  in the cells. The ω‐3 fatty acid, docosahexaenoic acid 
(DHA, 22:6Δ4,7,10,13,16,19) and  the ω‐6  fatty acid, arachidonic acid  (AA, 20:4Δ5,8,11,14) 
differ  in  that  the  latter  serves as a precursor  for prostaglandins  196   in platelet 
function, whereas the former does not appear to be metabolized  175 . 
DHA  has  a  function  as  ligand  for  retinoid  X  receptor  197 ,  influences  the  Cl− 
channels  198   (cystic  fibrosis) and  the neuronal K+  channels  199 ,  is  released  in 
response to serotonin  200 , has an essential role in brain maturation and neuronal 
function and is here found in bilayer phospholipids at a 30–50% level. Bilayers with 
high DHA  levels  have  distinct  properties,  probably  related  to  the  functioning  of 
integral membrane proteins. When compared with  less unsaturated phospholipid 
acyl chains, DHA−containing bilayers have reduced thickness in the fluid state and 
consequently  an  increased  area  occupied  per  phospholipid  at  the  aqueous 
interface  of  the  bilayer  201   and  an  increased  steric  bulk  in  the  hydrophobic 
portion  of  the  molecule  202,203 .  As  a  component  of  cell  membranes,  DHA 
influences  a  variety  of membrane  functions  including  the  activity  of membrane 
bound enzymes  204,205 , cell recognition phenomena  206 , membrane molecular 
order  207 ,  the expression of membrane‐bound growth  factors  208 , membrane 
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permeability  to both electrolytes and non‐electrolytes  209,210 , and  it promotes 
membrane  fusion  211   and  exfoliation. DHA  has  also proven  to  be  an  effective 
anti‐cancer agent  212,213 , preventing breast and  lung cancer  214,215 .  It  lowers 
the  rate of  tumor cell proliferation  216 218 , and prolongs  life  in  tumor‐bearing 
animals  213 . In addition, DHA (and AA) appear to be important in the treatment 
of schizophrenia  219  and dementia  220 . 
1.1.10 Membrane Lipids in Cell Signalling 
The cell membranes do not simply serve as barriers to separate the  inside of the 
cell  from  the outside or  to delineate different  intracellular compartments. These 
membranes also serve as a platform for cell signalling by allowing specific sets of 
proteins  to  interact  24 .  Many  membrane  lipids  have  an  essential  role  in 
regulating  biophysical  properties,  where  they  can  control  diverse  aspects  of 
cellular activity such as hormone action, cell differentiation and apoptosis  44 . For 
example, several PIs play a central role in the control of the spatial organization of 
the  vital  signalling  pathways  leading  to  cell  growth  or  survival,  intracellular 
membrane  trafficking,  the rearrangement of actin cytoskeleton or metabolism  in 
response  to extracellular messengers  221 . And,  in particular,  the  catabolism of 
phosphatidylinositol  4,5‐bisphosphate  (PIP2)  was  found  to  be  stimulated  by  a 
whole series of  important agonists. These agonists cause activation of a selective 
phospholipase C (PLC), which catalyzes the formation of diacylglycerol (DAG) and 
inositol 1,4,5‐triphosphate (IP3)  222 . DAG  is  involved  in the activation of protein 
kinases C (PKC), it can be hydrolyzed to yield significant quantities of arachidonate, 
which  is a precursor of eicosanoids  223 225 . The activity of  the various protein 
kinases  regulates  a  host  of  cellular  functions  from  metabolic  regulation  to 
differentiation  226 .  Furthermore,  the  presence  in  lipid  rafts  of many  proteins 
implicated in cell signalling has been proven to be important in signal transduction 
227 , for example, the plasma membrane, that is rich in sphingomyelin, is also rich 
in cholesterol. Cholesterol and  sphingomyelin may coexist  in microdomains  such 
as rafts or caveolae that are known to be focal points in cell signalling  228 . 
In  eukaryotic  cells,  most  intracellular  proteins  activated  by  a  ligand/receptor 
interaction possess an enzymatic activity. The receptor stimulated‐enzymes lead to 
the production of second messengers  inside the cell,  including cyclic nucleotides, 
such as  the cyclic adenosine monophosphate  (cAMP), which  is  the  initial  second 
messenger  to be  identified, and cyclic guanosine monophosphate  (cGMP). Other 
examples of second messengers include NO (nitric oxide), lysophosphatidylcholine, 

























































































































































































For example,  the activity of phospholipase A2  (PLA2)  is highly dependent on  the 
structure of its membrane substrate  244,245 , the nicotinic acetylcholine receptor 
(AChR)  requires  the  presence  of  cholesterol  for  exerting  the  entire  function 
246,247 . Moreover,  the  acyl  composition  has  been  reported  to  determine  the 
membrane partition and the activity of cytochrome b5  248 , protein kinase C (PKC) 
249 , also shown  in P‐glycoprotein  250  and opioid receptor  251 . The activity of 
diacylglycerol kinase (DGK) of E. coli,  is also dependent on bilayer composition,  it 




than  in  bilayers  of  SOPC,  and  is  lower  with  the  addition  of  cholesterol  254 . 
Interactions between  lipids and Ca2+−ATPase show structural specificity  255,256 , 
binding with PC is much stronger than binding of PE  257 . Activities of a number of 
other  membrane  proteins  have  also  been  shown  to  be  dependent  on  lipid 
composition,  including  rhodopsin  258 260 ,  the  glucose  transporter  from  red 
blood  cells  261 262 ,  and  cytochrome  oxidase  263 .  For  the  reconstitution  of 
dopaminergic receptor (D2), PS is particularly important, a mixture of PC, PE and PS 
seems  to  almost  fully  restore  the  receptor  binding,  which  is  about  six‐fold 
compared to the mixture in the absence of PS species, that is to say, the depletion 
of  PS  from  dopamine  D2‐receptor  weaken  the  ligand  affinity  264 .  Thus,  lipid 







each  signal  and  their  relative  intensities,  these  13C  spectral  features  can  be 
analyzed  qualitatively  265 .  Moreover,  the  13C  spin‐lattice  relaxation  (T1) 
measurements  can provide  the detailed  structural and dynamical  information of 
the bilayer systems  266 . Figures 1.12 shows a typical spectrum of fully hydrated 
PC/PS sample with  the molar  ratio of 60:40, carbonyl  (C O) and  serine carboxyl 
are found downfield  in the spectrum, and the sn‐1 and sn‐2 carbonyl resonances 
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hydrated  environment,  which  is  more  relevant  to  biological  membranes  as 
illustrated in Figure 1.14−middle and bottom. Where, the chemical shift   defines 
the  field  parallel  to  the  unique  motional  axis;  whereas,  the  chemical  shift   
( 2⁄ ,  the  chemical  shift  tensor  is  axially  symmetric)  defines  the 
field perpendicular to this axis, the resultant pattern due to rapid motions  is also 
shown  in Figure 1.14−middle and bottom.  In  the bottom  spectrum,  the effective 
tensor still has axial symmetry, but the reduced CSA (Δ ) value can be 
determined  by  the  edges  of  the  experimental  spectrum.  Such  a  distinctive 
lineshape change of top and middle spectra  is also seen when the bilayer system 
undergoes  the  sub‐transition  ( C ), where  the  top  spectrum  indicates  that 
the  lipid  molecules  are  still  packed  in  a  three‐dimensional  rigid  lattice.  When 
temperature is above the sub‐transition temperature, the pseudoaxially symmetric 
pattern  (middle  spectrum)  is  found,  and  the  lipid  headgroups  are  undergoing 
axially rotation  120 . The  lipid bilayer  in biological membranes  is generally  in the 
liquid‐crystalline  phase where  the  axis  of  symmetry  of  the  acyl  chain motion  is 
perpendicular  to  the  plane  formed  by  the  polar  headgroup.  The  molecular 
interpretation  of  CSA  (Δ )  is  complicated,  but  CSA  (Δ )  can  still  be  used  as  a 
convenient measure of headgroup motion in different bilayers. 
The  CSA  (Δ )  is  generally  larger  for  serine  headgroup  than  for  choline  and 
ethanolamine headgroups  76,270 , and it appears to be influenced by the chemical 
nature  of  the  fatty  acyl  chains  271 .  Furthermore,  the  similarities  of  the  static 
shielding  tensor  of  phosphatidylserine  and  phosphatidylcholine  taken  together 





hydrogen  bonding  between  or within  the  phosphatidylserine  headgroups.  Thus, 
dilution of negatively charged PBPS (Pig Brain PS) with neutral DPPC removes some 
of  this  interaction  and  will  allow  greater  freedom  of  motion  of  the 
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and  environmental  285 288   factors, which  are  the  two prominent  factors  that 
may  induce or  trigger mental  illness. No  single  cause of  schizophrenia has been 
identified  to  date.  There  are most  likely  several  contributing  factors,  evidence 
suggests  that  genetic  vulnerability  and  environmental  stressors  can  act  in 
combination  to  result  in  diagnosis  of  schizophrenia.  In  a  recent  study,  seven 
different genetic  variations were  found  to be associated with  schizophrenia and 
which all lie within a gene FXYD6  289 . 
1.2.3 Chlorpromazine (CPZ) 
Chlorpromazine  (Scheme 1.2),  the  first neuroleptic agent was discovered  in 1952 
(in France), which is a cationic, amphiphilic phenothiazine derivative, consisting of 








nucleic acids by originated  from  its  interaction with biological membranes  291 . 
The membrane stabilizing effect of CPZ on hypertonic hemolysis of red cells is well 
known, which clearly reflects CPZ−plasma membrane interactions, and depends on 




293 .  Furthermore,  CPZ  also  increases  the  polyphosphoinositide metabolism  in 
platelets, and shows the strong impacts on the signal transduction  294 297 . CPZ’s 
effects are also detected on voltage‐dependent sodium currents  298  and on ATP‐
sensitive K+ channels in ventricular myocytes of rats  299,300 . 
CPZ  is  thought  to act by binding  to and blocking  the various  receptors, and  it  is 
unlikely  that  CPZ  possesses  of  the  single  mechanism  of  action.  Furthermore, 
according  to  its amphiphilic nature,  it also  seems unlikely  for molecules  like CPZ 
with a low molecular weight and  lipid‐solublility would remain exclusively outside 
the  cell  and  react  only  with  specific  receptors.  Indeed,  many  studies  have 
demonstrated  the  direct  interaction  of  CPZ  with  the  plasma  membrane 
295,301 303 .  Some  studies  showed  that  CPZ  increases  the  fluidity  of 
biomembranes  304 306 ,  and  other  studies  reported  that  CPZ  decreases 
membrane  fluidity  307 310 .  The  discrepancy  of  these  reports  regarding  the 
decrease  or  increase  of  membrane  fluidity  by  CPZ  mainly  depend  on  the 
membrane system  investigated, such as the cholesterol/phospholipid ratio of the 
membrane  311 ,  the  concentration  of  CPZ  and  temperature  306   and  the 
discrepancy  between  in  vivo  and  in  vitro  studies  309,310,312 .  From  Luxnat  and 
Galla  15 , we know that the partition coefficients, kp, of CPZ between the aqueous 
phase and lipid bilayer vesicles were determined as function of drug concentration, 
lipid  acyl  chain  length  and  so  on,  and  they  also  indicated  that  the membrane 
structure will not be disturbed at less than 30 μM (bulk phase) CPZ. Suwalsky and 
Neira  313   elucidated  that  CPZ  altered  the  bilayer  structure  according  to  the 
nature of the phospholipid headgroup. The significance of the headgroup has been 
demonstrated  by  Agasøster  et  al.  on  phospholipid  monolayers,  where  CPZ 




acyl chains  is another  important factor regulating the CPZ−membrane  interaction 
317 . Investigation of the significance of hydration for the interdigitation of CPZ on 
the plasma membrane was carried out in our laboratory by Nerdal et al.  317 . The 
data of  13C magic‐angle  spinning  (MAS)  solid‐state NMR on bilayer  samples with 
partial hydration (~12 H2O molecules per phospholipid) showed that CPZ had low 
or  no  interaction  in  the  acyl  packing  of  liposomes made  of  phospholipids with 




























































































































































































































































































































































































































































































































































is  unknown.  The  most  prevailing  mechanism  hypothesis  suggests  synergism 
between  inhibition  of  dopamine  receptors  and  serotonin  5‐HT  receptors  333 , 
which  is  responsible  for  the  "atypicality"  of  atypical  antipsychotics.  Another 
hypothesis  suggests  that  the  major  contribution  to  the  atypical  antipsychotic 
action is due to a fast dissociation constant (Koff) from the D2 receptor, allowing for 
better  transmission  of  normal  physiological  dopamine  surges,  and  thus  a  lower 
overall  affinity  for  dopamine  D2  receptor  334 .  In  addition,  OLZ  has  a  higher 
affinity for 5‐HT2 serotonin receptors than D2 dopamine receptors. 
Receptor  Side effects  References 









apoD has been  assumed  to play  an  important  role  in phospholipid metabolism, 
based on  its binding of arachidonic acid (AA) and cholesterol  344 346 . Recently, 
Parikh  et  al.  347   found  that OLZ  prevented  loss  of  antioxidant  enzymes  in  rat 
brain, and Evans et al.  348   indicated that reduced  levels of antioxidant enzymes 
were  associated with  increased  plasma  lipid  peroxides  and  reduced membrane 
EPUFAs (essential polyunsaturated fatty acids), particularly ω‐3 fatty acids. Studies 
in  rats  have  shown  that  atypicals  (olanzapine,  clozapine,  and  risperidone)  have 
antioxidant effects and reduce lipid peroxidation  349,350 , this has been shown to 
affect  receptor  affinity  in  membranes,  for  example,  5‐HT2  receptors  351 . 
Furthermore, OLZ and other atypical antipsychotics  (clozapine, risperidone) were 
found  to  improve  the  levels  of  erythrocyte  EPUFAs  352 ,  which  may  be  a 
mechanism  contributing  to  the  therapeutic  effects  of  schizophrenia  treatment 
186,353 . The effects of OLZ on processes taking place in biological membranes are 
scarcely investigated; a recent surface plasmon resonance (SPR) study by Gjerde et 
al.  354  suggested a  lower binding profile on bilayer membranes, compared with 





haloperidol,  and  clozapine).  This  is  contrasted by  the older  typical  antipsychotic 
drug  CPZ, which  has  prompted many  physiochemical  studies  of  the  interaction 
with the glycerophospholipids by various techniques, such as ESR  15 , EPR  355 , X‐
ray  313 ,  positron  autoradiography  356 ,  fluorescence  spectroscopy  357 ,  DSC 
317  and NMR  271,317 . 
1.2.5 Local Anaesthetics (Articaine) 
1.2.5.1 Local Anaesthetics 
Local  anaesthetics  have  fundamental  structural  features  in  common  that  are 
relevant for their biological function. The first feature is a lipophilic moiety, which 
is joined by an amide or ester linkage to a carbon chain. The carbon chain is then 
joined  to  a  hydrophilic moiety  (amine) with  pKa  values  around  physiological  pH 
358,359  (for structural classification and individual pKa value of local anaesthetics, 
see Table 1.6). Local anaesthetics are weak bases that can exist as either charged 
(ionized) or uncharged  (non‐ionized) molecules. They are only  slightly  soluble  in 
the  base  form  and  are  therefore  usually  formulated  as  a  water‐soluble 
hydrochloride salt. 
Amides (pKa) Esters (pKa)
Articaine (7.8)  Benzocaine (2.5)  362,363  
Bupivacaine (8.1)  Cocaine (8.5)  364  
Lidocaine (7.8)  Procaine (9.1) 
Mepivacaine (7.6)  360   Tetracaine (8.2) 




and  depolarization  of  the  cell  membrane  366 .  Local  anaesthetics  prevent 
conduction  in  peripheral  nerves  by  their  binding  to  the  voltage‐gated  sodium 
channel  and  blocking  the  inward  sodium  transport  that  creates  the  action 
potential  of  axons  and  thereby  causing  anaesthesia  366 369 .  Although  it  is 
commonly  accepted  that  local  anesthetics exert  their pharmacological  action by 
interacting with the cell membranes, but the molecular nature of the site of their 




on  or  within  the  sodium  channels  373,374 ,  while  the  membrane  fluidization 
(expansion)  hypothesis  suggests  that  local  anesthetics  interdigitate  in  the 
membrane,  changing  the membrane’s  organization  375 377 . Both mechanisms 
involve the membrane, providing the clue to study the effects of  local anesthetic 
on  the  membrane  bilayer  system  by  investigating  the  physical  and  chemical 
parameters  in  relation  to  the  interaction between  the  local  anesthetics  and  the 
model membrane  16,378 380 . 
As the local anaesthetic must enter the cell in order to have its effect, it must pass 
through the lipid cell membrane. Uncharged species will do this more readily than 
a  charged  drug  16,381 .  Therefore,  the  drug,  which  is  more  uncharged  at 
physiological pH, will  reach  its  target  site more quickly  than  the drug  382 . This 
explains why  articaine  (pKa 7.8)  has  a  faster  onset  of  action  than  bupivacaine 




vary  between  the  drugs:  articaine  has  a  pKa  of  7.8  and  is  approximately  20% 
uncharged at pH 7.4. Bupivacaine has a pKa of 8.1 and hence  less of  the drug  is 
uncharged at pH 7.4 (~15%), according to the Henderson−Hasselbalch equation: 




Rusching  and  colleagues  in  1969  and  first  mentioned  in  the  literature  by 
Muschaweck and Rippel  (in 1974)  383 , and  the present generic name  changed 
from  carticaine  in  1976, when  introduced  into  the  clinical  practice  in  Germany 
384 .  Articaine  is widely  believed  to  be  an  effective  and  safe  local  anaesthetic 
agent in dentistry  365,385 . 
Articaine  is  classified  as  an  amide  local  anaesthetic  (Table 1.6), however, unlike 
other amide (and ester)  local anaesthetics, articaine possesses a thiophene group 
instead  of  the  benzene  ring,  which  increases  its  liposolubility  386 ,  and  has 
therefore a better ability to penetrate the nerve sheath. Moreover, the other basic 
molecular  difference  is  articaine  containing  an  extra  ester  linkage  that  causes 
articaine  to  be  hydrolyzed  by  plasma  esterase  387,388   to  articainic  acid.  In 
INTRODUCTION 
31 
addition,  articaine  is  a  secondary  amine,  while  the  other  common  local 
anaesthetics in clinical use are tertiary amine compounds. 
An  amphiphilic  compound  like  articaine  will  have  an  ionic  or  non‐ionic  polar 
moiety  and  a  hydrophobic  part,  depending  on  pH.  In  an  aqueous  medium, 
amphiphilic  molecules  are  able  to  organize  themselves  as  micelles,  bilayers, 
monolayers,  hexagonal  or  cubic  phases  (Section  1.1.5).  Thus,  it  is  likely  that  at 
certain conditions, e.g. concentration, an amphiphile  like articaine can  form self‐
aggregated  structures.  This  has  been  observed  for  other  local  anesthetics  like 
dibucaine  and  tetracaine where  the  critical micelle  concentrations  (CMC) were 
found to be 0.066 and 0.130 M, respectively  389 . In addition, the hydrophobicity 
of articaine, and thereby its potential for interaction with the hydrophobic part of 
the  phospholipid  bilayer  can  be  evaluated  by  the  corresponding  octanol/water 
partition  coefficient  (Keff). The octanol/water partition  coefficient  for  articaine  is 





were  engaged  by  several  spectroscopic  methods,  such  as  fluorescence  371 , 
infrared  371,377 , X−ray diffraction  377,391,392 , ESR  371,393,394 , ultraviolet  light 
absorption  378  and NMR  16,370 372,380,381 .  In a previous study of Lygre et al. 
(unpublished data), DSC technique on disaturated membrane lipids was employed, 




the  findings  indicated  the  interaction  occurred  between  articaine  and  bilayer 
system from thermotropic point of view. In paper III, we used the high‐resolution 
solid‐state  13C  and  31P  NMR  to  study  the  uncharged  articaine  species  in  DSPC 
model  membranes,  PC  is  the  major  phospholipid  in  mammalian  membranes, 
which can modulate membrane structure (Section 1.1.2). 
The  DSPC  articaine−containing  samples  performed  NMR  experiments  were 
adjusted to pH 10.0, where more than 99% articaine molecules  in the unchanged 
form (pKa 7.8).  It  is more hydrophobic  367,394  and more receptive  395,396  for 
DSPC  bilayer  interaction  than  charged  species.  The  DSPC  phospholipid  bilayer 
studied with the addition articaine at four different molar ratios (10, 25, 40, and 55 
mol%), which are several orders higher than the clinically used concentrations (in 
clinical, a 4% articaine solution  is used)  386 . The design of  the experiments will 
also  provide  the  information  about  the  saturation  limit  and  crystallization  of 
uncharged  articaine  in  the  bilayer  397,398 ,  in  addition  to  the  structural  and 
molecular‐level  mobility  information  of  the  DSPC  bilayer  system  induced  by 
uncharged articaine. 
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𝛿11 𝛿22𝛿iso 𝛿33 𝛿11 𝛿22 𝛿iso 𝛿33=
B0
(a)




𝛿33 = 98 ppm
(b)
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At null point, relaxation time T1 
can be easily calculated as: 
T1 = τnull / ln2 ≈ 1.443 × τnull
direct iteration according to:
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In general, it is found that T2 is less than, or equal to, T1, that is:    448 . 
2.1.6 Magnetic Field Dependence 
In  this  study,  two  Bruker NMR  spectrometers  are  used with  different magnetic 
fields  B0,  in  paper  I  and  II  and  the  the  static  31P  spectra  of  the  paper  III,  the 
experiments were  carried out at on a AVANCE DMX 400  instrument  (9.4 T),  the 
MAS 31P and 13C experiments of the paper III and paper IV were carried out at on a 
500 MHz Ultrashield  Plus  instrument  (11.74  T). Naturally,  this  causes  resolution 
and sensitivity enhancement as the magnetic field is increased, one of the factors 
of the sensitivity enhancement  is the Boltzmann distribution that causes a  larger 







where,  is  the  number  of  spins,  is  the  sample  volume,  ∆  is  the  intrinsic 
linewidth, and     is coil volume, the size of the coil is dramatically decreased for a 
circuit design in the high field and hence an increased S/N ratio can be acquired by 
using  ultra‐high  field  magnet.  However,  when  the  linewidth  dominates  in  the 
inhomogeneous  distribution  of  conformations  such  as  amorphous  samples, 
resolution enhancement  is not as efficient as  that  found at a high  field on  liquid 
samples. 
The dipolar interaction and spin‐spin interactions do not increase as the magnetic 
field  is  increased, while  the  chemical  shift  is  proportional  to  the magnetic  field 
strength  452 .  Furthremore,  T1  increases  with  field  strength  since  spin‐lattie 
relaxation  requires  spectral  density  at  the  Larmor  frequency  .  Spin‐lattice 
relaxation  is  less effective at high field, since the spectral density function decays 
with  respect  to  frequency,  and  the  Larmor  frequency   is  higher  at  high  field. 
Transverse relaxation, on the other hand, involvles spectral densities at a selection 
of  frequencies,  including zero. The zero‐frequency contribution  to  the  transverse 
relaxation is field‐dependent. As a result, the transverse relaxation time constant is 
relatively insensitive to field (Figure 2.18). In practice, T1 values are generally larger 















































































































































































times.  This  sample  preparation  procedure  gives  large  unilamellar  liposomes  of 
unequal  size.  However,  in  the  final  samples,  bulk  water  is  eliminated  and  this 
bilayer procedure  is  found  to be both stable and without artefacts,  for example, 
without  different  bilayer  structures  such  as  high  curvature  liposomes  (small 








samples  are  subjected  to  24  hours  of  lyophilization  giving  partially  hydrated 
liposomes  with  a  hydration  level  of ~12  water  molecules  per  lipid  molecule 
(determined by 1H MASNMR). Subsequently, the appropriate amount of degassed 
distilled water is added to the sample to obtain fully hydrated bilayers (~30 water 
molecules per  lipid molecule)  453,454 . Then, the sample  is equilibrated on an oil 
bath for 48 hours at a temperature above Tm and packed  into NMR rotors.  If the 
lipid  sample  has  a  creamy  consistency,  one  must  centrifuge  the  lipid  sample 
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PS and CPZ–PS  complex)  varies by any  significant amount as  function of  sample 
temperature, only the CPZ–PS component is to some degree temperature sensitive 








































CPZ  causes  an  enhancement  of  the  phospholipid  headgroup  mobility.  In  the 
previous  study  of  DPPC/PBPS  (Pig  Brain  PS)  bilayer  system  271 ,  the  choline 
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Figure  3.2,  a  molecular  model  of  CPZ  interaction  with  an  SDPS  molecule  is 
presented, generated by the Titan software (Wavefunction, Irvine, CA). 
Even  though  the  real conformations of  the DHA’s acyl chain  in  the  sn‐2 position 
may differ  somewhat  from  the conformation displayed here,  the model  strongly 
suggests  that  CPZ  interdigitated  in  such  a  bilayer  will  have  an  effect  on  both 
carbons C4 and C5 of  the DHA. Additionally, T1  relaxation measurements make  it 
clear that the saturated acyl chains carbons (palmitic, stearic and most of the oleic 
chain) are not essentially affected by the presence of CPZ. 
The  found  tendency of DHA  (22:6), determined by  2H NMR and X−ray diffraction 
462 , the sn‐2 attached  acyl chain in a (16:0–22:6)PC bilayer has a distribution of 
mass that  is shifted toward the bilayer aqueous  interface would  imply bending of 
the DHA  acyl  chain.  Polyunsaturated  bilayers  are  relatively  soft  to  bending,  for 
polyunsaturated  acyl  chains,  the  rotational  isomerisation  of  the  doubly  allylic 
(CH CH−CH2−CH CH)  groups  is  from  skew‐to‐skew,  unlike  the  trans−gauche 
Figure  3.2  Molecular  model  of  CPZ  interaction  with  an  SDPS  molecule.  The  CPZ  molecule  is
positioned with  its positive  charge on  the nitrogen atom  (labelled as N) on  the end of CPZ’s acyl
chain. This positive charge is in the vicinity of the phosphate’s (labelled as P) negative charge of the
SDPS molecule. Both acyl chains of the SDPS molecule have sp3 carbon dihedral angles of 60° (liquid‐











In  such  a  process,  it  is  possible  that  the  terminal methyl  group  can  be  located 
somewhere  in  the vicinity of  the polar  region of  the bilayer. The DHA acyl chain 









The  findings  presented  here  suggest  CPZ  bound  to  the  phosphate  of  SDPS  
phosphatidylserine  will  slow  down  and  partially  inhibit  such  a  DHA  acyl  chain 
movement in a bilayer, as shown in Figure 3.5. This would affect the area occupied 
by  an  SDPS molecule  (in  the  bilayer)  and  probably  the  thickness  of  the  bilayer 




mixtures to get a better understanding of  lipid  interactions  in cell membranes.  In 
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We monitored  the  phase  transition  of  the  DSPC model membrane  at  different 
percentages  of  articaine.  Depression  of  gel‐to‐liquid‐crystalline  phase‐transition 
temperature by  local anesthetics has been found to correlate with the anesthetic 
hydrophobicity (potency)  399 . Figure 3.8 shows the 31P chemical shift anisotropy 
(CSA)  as  a  function  of  sample  temperature  at  pH  10.0.  The  CSA  of  pure  DSPC 
displays  a  sudden  drop  at  the  DSPC’s  gel‐to‐liquid‐crystalline  phase‐transition 
temperature of 329.1−329.2 K. CSA values of DSPC bilayers with 10 mol%, 25 mol%, 
40 mol%, and 55 mol% articaine display a bilayer phase transition temperature of  
325.3−325.4  K,  321.1−321.2  K,  321.3−321.4  K,  and  318.6−318.7  K,  respectively. 
Thus,  the  observed  concentration‐dependent  decrease  in  bilayer  (gel‐to‐liquid 
crystalline)  phase‐transition  temperature  demonstrates  substantial  uncharged 
articaine  interaction with  this  bilayer.  And  the  presence  of  uncharged  articaine 
demonstrated a CSA decrease up  to ~30 ppm over  the  large  temperature  range 
indicating  enhancement  of  PC  headgroup  mobility.  The  most  pronounced 
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mol%  articaine−containing  sample  demonstrate  a maximum  disturbance  in  the 
molecular packing of  the polar bilayer  region  that extends  into  the hydrophobic 
region, evidenced by carbon 2 and 3 of the acyl chains (Figure 3.10−b). In addition, 
articaine  carboxyl  group  interaction  with  the  DSPC  bilayer  appears  to  be 




on  lidocaine−egg  phosphatidylcholine  (EPC),  the  amino‐ester  local  anaesthetic 
lidocaine was found to insert into a similar location in acyl chain region of the lipid 
membrane  compared with  the  positioning of  articaine when  interdigitating  into 
the DSPC bilayer  371 . 
Moreover,  interaction  with  the  membrane  is  not  solely  governed  by  the 
hydrophobicity of  the  local anesthetic, polar  interactions or  steric parameters  in 
the  local  anesthetic−phospholipid  interaction  will  determine  the  preferential 










We  ever  addressed  the NMR  studies  on  the  interaction  of  CPZ with  the model 
membranes at two different hydrations, with ~36 wt.% H2O  271  and even a lower 
water  content with ~15 wt.% H2O  (~12 H2O  per  phospholipid)  317 ,  the water 
content was  found  to heavily  influence  the  interdigitation of CPZ molecules  into 
the acyl chain regions, which suggested that the structural and dynamic properties 
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methylene  (CH2)n.  For  the  partially  hydrated  sample  (spectrum  a),  some 
resonances  in the acyl chain region  (labelled with the dagger  ‘†’) emerged, these 
are  probably  due  to  the  special  environment  of DPPC  domains  alongside  POPS 




hydration  (spectrum  a)  will  have  to  share  the  few  available  water  molecules 
among  the  polar  groups  distributed  in  the  polar  region  of  the  bilayer.  This 
promotes dense packing of the phospholipids and consequently makes some acyl 
chain carbons  in DPPC come close  to acyl chain carbons  in POPS.  In such a case, 
the  peaks  at  23.58  and  24.01  ppm  appears  as  a  result  of  a methylene  group 









spinning  sideband  resonances  were  mis‐assigned  to  be  due  to  phospholipid 
domain  formation, we  clarify  this by  comparing  a DPPC/POPS bilayer  system  at 
two different hydrations. 
A  comparison  of  31P  T1  values  of  these  two DPPC/POPS  samples with  different 
hydrations  shows  that higher mobilities  is observed  for both phosphatidylserine 
and phosphatidylcholine at higher hydration. The  static  31P  spectra of  these  two 














D  and  E)  headgroup  carbons  and  the  glycerol  moiety  (labelled  A,  B  and  C) 
resonances in the 52−74 ppm spectral region are displayed  472,473 , together with 
the  carbonyl  resonance  (labelled  1,  173.82  ppm)  and  the  serine  headgroup 
carboxyl (labelled F, 171.69 ppm)  474 . With addition of OLZ (the right spectrum), 
two new  resonances are observed  (at 178.57 and 174.48 ppm, marked with  the 
double  dagger  ‘‡’),  these  can  be  identified  as  the  serine  headgroup  carboxyl 
resonances,  in  light of  the molar composition of  the DPPC/DPPS sample giving a 
theoretical peak  ratio of  5 between  the  carbonyl  and  carboxyl  resonances.  This 
strongly  indicates  influence of OLZ on  the  serine  carboxyl  groups, moreover,  an 
effect  of  OLZ  on  the  chemical  shift  of  DPPS  carboxyl  carbon  F  is  also  present 
(downfield by 0.38 ppm). In the spectral region of 52−74 ppm, the dramatic signal 
reductions were found for the serine carbons D and E with the addition of 10 mol% 
OLZ,  and  the  choline  headgroup  resonances  G,  H  and  I  were  experiencing  a 
moderate perturbation by the presence of OLZ. The above findings reveal that the 
serine headgroup  is directly  affected by  incorporation of OLZ,  and probably  the 
interdigitation of OLZ is driven by electrostatic attraction of the serine headgroup. 
For the DPPC and DPPS acyl chain sp3 carbon resonances (in 12−38 ppm), several 
small  resonances at unusual  chemical  shift values observed at  the  left  spectrum 
(such as at 26.11 and 23.78 ppm, labelled with the dagger ‘†’), these are primarily 
associated  with  an  order‐disorder  exchange  of  the  palmitic  acyl  chains  of  the 
bilayer system DPPC/DPPS at the experimental temperature of 316 K (43 ). DPPS 
(Tm   57 )  is  in  the  gel  state,  and  the  palmitic  acyl  chains  are  in  an  all‐trans 
conformation, whereas DPPC (Tm   41.3 ) is in the liquid‐crystalline phase with a 





into  the  bilayer,  more  narrow  resonances  are  found,  such  as  the  carbonyl 
resonance  1  and  the  internal methylene  resonance  (carbons  4−13),  these may 
reflect fewer intermolecular restrictions or interactions between the hydrocarbon 
chains  of DPPC/DPPS  phospholipids,  and  also  demonstrates  the  presence  of  10 
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with presence of OLZ  (carbon 9, ~14%,  from 0.71  s  to 0.81  s;  carbon 10, ~33%, 
from 0.60 s to 0.80 s). 
In Figure 3.15, the spectral regions (in 52−74 ppm) display a dramatic effect of OLZ 
on  the  serine  carbons D  and  E,  and  a  smaller  effect  on  the  choline  headgroup 
resonances  (G, H and  I).  Similar observations  for  serine and  choline headgroups 
are found in the DPPC/POPS bilayer sample with the addition of OLZ, this confirms 
the crucially  important role of  the serine headgroup  in  the  interdigitation of OLZ 
(Figure  3.18).  Similar  findings  are  illustrated  by  the  T1  data, where  the  choline 
headgroup is not severely affected (~25% increment in T1) by the addition of OLZ, 
whereas the serine headgroup T1 values show  increases of ~214% (for carbon D) 
and ~133%  (for  carbon  E)  in  the  presence  of  OLZ.  The  peak  intensities  of  the 
glycerol carbons A  (sn‐1) and B  (sn‐2) are heavily  reduced,  the glycerol carbon C 
(sn‐3)  resonance  shows only  slight  reduction  in  intensity. The glycerol  carbon T1 
values, on the other hand, demonstrate a diverse effect of OLZ. The T1 value of the 
sn‐1 glycerol carbon is unaffected, while the sn‐2 glycerol carbon (where the POPS 
monounsaturated  acyl  chain  is  attached)  displays  an  increased  T1  value  (~74%, 
reflecting  increased motion) due  to OLZ  in contrast  to  the sn‐3 glycerol carbon’s 
(where  the  phosphate  and  headgroup  attached),  that  is  reduced  by ~60% 
(reflecting reduced motion). The existence of resonances marked with an asterisk 
‘*’ in the glycerol/headgroups region (in 52−74 ppm, Figure 3.18−b) is the evidence 
of  a  changed  packing  pattern  of  the  phospholipids  in  the  polar  region,  i.e.  the 
molecular packing of a minor part of the DPPC/POPS molecules that takes place in 
the presence of OLZ  is visible  in the glycerol/headgroups region of the spectrum. 
Furthermore,  the  large disturbance  in  the molecular packing of  the polar bilayer 
region  of  the  OLZ−containing  sample  extends  into  the  hydrophobic  region, 
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DPPC/POPS/OLZ  sample  (right  column  and  bottom  row)  with  corresponding 





labelled  d  (right  column  and  bottom  row)  is  at  the  same  chemical  shift  as  the 
resonance labelled PC in spectrum without OLZ (middle column and bottom row). 
Thus, presence of OLZ  in  the bilayer  gives  rise  to  chemical environments  in  the 
bilayer  polar  region  that  affects  both  PS  and  PC  headgroups.  Furthermore, 








only  one  observed  chemical  shift  for  these  two  resonances).  For  the 
phosphatidylcholine components  (the  isotropic peaks e and  f), the mean  lifetime 
of this exchange can be estimated to   9.0 ms. 
31P T1 values of the central band peaks displayed in Figure 3.19 show that both PS 
and  PC  phosphorous mobilities  are  sensitive  to  sample  temperature.  The  31P  T1 
values  for  all  of  the  phosphatidylserine  resonances  decrease  with  increasing 
temperature,  indicating  an  increase  in  phosphorous  mobility  (slow  motional 
regime, Figure 2.16). For the phosphatidylcholine components of the sample with 
OLZ,  on  the  other  hand,  the  T1  values  demonstrate  a  diverse  change  with 
increasing  temperature,  resonances  d  and  e  display  the  increased  T1  values, 
whereas  the peak  f  shows  the  reduced T1 values. Thus, peaks d and peak e are 
charactered  with  shorter  correlation  time  (fast  motional  regime,  Figure  2.16). 
Notably, the T1 values of the PC peak of the fully hydrated sample (in the middle 
column)  decrease  quickly  down  to  0.59  s  (35 )  from  1.04  s  (23 ),  and  then 
increase to 0.74 s at 39 , and finally remains approximately constant (0.78 s, at 
43  ). This intriguing result can be due to partition of perchlorate anions into the 




to‐liquid‐crystalline phase  transition at  the  temperature  region of 38     to 41   
479 . Comparison of the T1 value of PS in the fully hydrated sample (0.61 s, 43 ) 
and peak b (PS), in the sample with OLZ (0.54 s, 43 ), shows reduced T1 values of 






OLZ  (at  the  right  column),  shows  that  these  two  components  have  distinctly 
different correlation times (τc). 
Phospholipid headgroup (and phosphate) motion and an altered motion caused by 
an  interacting amphiphile  (like OLZ)  in a bilayer will give  static  31P NMR  spectra 
that  differ  in  chemical  shift  anisotropy  (Δδ).  The  static  31P  NMR  spectra 
demonstrate  a  substantial  decrease  in  CSA  of  the  OLZ−containing  bilayer.  The 
corresponding increased phospholipid headgroup mobilities producing such a CSA 
reduction  in  presence  of  OLZ  could  very  well  lead  to  a  changed  lateral 
phospholipid organization of  the bilayer  469 .  In  fact,  the  31P MASNMR  spectra 
presented  in  Figure  3.19  indicate  that  imperfections  in  DPPC  and  POPS mixing 
(middle column and  top  row) are  reduced  in presence of OLZ  (right column and 
top row). 
The experiments of this study were carried out at a sample pH of 7.4 where two 














In  general,  the  results of  this  study  reveal  that  the  serine headgroup  is directly 
affected by OLZ interdigitation of the bilayer, and that the OLZ interaction with PS 
is to a great extent caused by electrostatic attraction to the serine headgroup. The 
molecular model  of  the  OLZ  interaction with  a  POPS molecule  is  presented  in 
Figure 3.20, generated by the Titan software (Wavefunction, Irvine, CA). 
Even though conformations of the POPS acyl chain in the sn‐2 position may differ 
somewhat  from  the  conformation  displayed  here,  the model  suggests  that OLZ 





















4.    CONCLUSIONS  
Phenothiazine  antipsychotic  drugs  (like  CPZ)  have  an  amphiphilic  nature 
295,301,302   and  their  interdigitation  into  a  lipid  bilayer  can  affect  the  bilayer´s 
fluidity  304 310 . An  interdigitated phenothiazine occupies space  in the bilayer´s 
polar  region with effects on  the packing of  the acyl chains, and consequently on 
acyl  chain mobility  and  bilayer  fluidity.  The  presence  of  phospholipids with  the 
DHA acyl chain in the sn‐2 position is of great importance for CPZ interaction with 
the bilayer, whereas saturated acyl chains (palmitoyl and stearoyl) do not promote 
CPZ bilayer  interdigitation. Thus, CPZ bilayer  interdigitation depends on  the  lipid 
composition  of  the  bilayer.  Furthermore,  the  disappearance  of  bilayer 
microdomains  in  presence  of  10 mol%  CPZ  points  at  a  crucial  role  of  DHA  in 
formation  and  perseverance  of  phospholipid  microdomains  in  the  DPPC 
(60%)/SDPS (40%) bilayer. The NMR data of this study have demonstrated that the 
neutral  PC  phospholipid with  a  choline  headgroup  does  not  favour  CPZ  bilayer 




revealed  that  the  serine  headgroup  of  PS  interacts  with  interdigitated  OLZ  by 
electrostatic attraction to the serine headgroup, in contrast to the minor effects of 
OLZ  found on  the  choline headgroup  resonances. Furthermore, OLZ dimers may 
contribute to some of the OLZ−bilayer interaction. 




55 mol%,  suggest  formation of amphiphilic articaine aggregates and decrease  in 
DSPC bilayer perturbation at the latter articaine level (paper III). 
In general, perturbation of lipid organization in a bilayer by amphiphilic molecules 
can  be  conceived  to  have  consequences  for  the  activity  of  membrane‐bound 
proteins  in cellular membranes, even without direct  interaction between protein 
and  amphiphile.  Thus,  it  is  possible  that  effects  of  antipsychotic  drugs  on  the 






5.    FUTURE  PERSPECTIVES  
The present study found perturbation of lipid bilayer organization by antipsychotic 
drugs  and  established  that  the  phospholipid  serine  headgroup  interacts  with 
OLZ/CPZ.  Further  studies  should  be  carried  out  to  investigate  high‐resolution 
structural  information obtainable by  isotope enhancements  i.e. OLZ/phospholipid 
(and CPZ/phospholipid) enriched with  13C and/or 15N. A starting point can be  the 
31P nucleus of  the phospholipids and  13C/15N of  the drug. Such spin ½ nuclei can 
yield  accurate  interatomic  distances  from  dipolar  interactions  that  are  normally 
sacrificed  under  the  condition  of  high‐power  decoupling  and  MAS  techniques 
424 426 . Reintroduction  of  the dipolar  coupling by use of  the Rotational  Echo 
Double Resonance  (REDOR) experiment will provide  interatomic distances of  the 
drug‐phospholipid interaction in the bilayer  480 483 . 
Furthermore, a study of bilayer perturbation of the local anaesthetic drug articaine 
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Abstract
The polyunsaturated fatty acid docosahexaenoic acid (DHA, c22:6, n-3) is found at a level of about 50% in the phospholipids of neuronal
tissue membranes and appears to be crucial to human health. Dipalmitoyl phosphatidylcholine (DPPC, 16:0/16:0 PC), 1-palmitoyl-2-oleoyl
phosphatidylserine (POPS) and the DHA containing 1-stearaoyl-2-docosahexenoyl phosphatidylserine (SDPS) were used to make DPPC
(60%)/POPS (29%)/SDPS (11%) bilayers with and without 10 mol% chlorpromazine (CPZ), a cationic, amphiphilic phenothiazine. The T1
relaxation measurements make it clear that the saturated acyl chains carbons (palmitic, stearic and most of the oleic chain) and the choline
head group are not affected by CPZ addition. The observed increased signal intensity and T1-values of DHA indicate reduced mobility of C4
and C5 due to CPZ binding.
31P NMR spectra confirm that CPZ binding to the phosphatidylserines in the bilayer enhances phospholipid head
group mobility.
D 2005 Elsevier B.V. All rights reserved.
Keywords: 13C NMR; 31P NMR; DPPC/SDPS/POPS; DPPC/SDPS/POPS bilayers; Chlorpromazine HCl interaction
1. Introduction
The effects of phospholipid acyl chain length and degree
of unsaturation on bilayer thickness is well documented [1]
and so is the effect of bilayer thickness on membrane enzyme
activity [2]. The polyunsaturated fatty acid docosahexaenoic
acid (DHA, c22:6, n-3) is found at a level of about 50% in the
phospholipids of neuronal tissue membranes and appears to
be crucial to human health [3,4]. Despite this cruciality, only
sparse information has been gathered on DHA’s physical
function(s) in the membrane. Findings on the conformational
changes of rhodopsin (the MI-to-MII transition) suggest that
phospholipid membranes with polyunsaturated acyl chains
promote these conformational changes of rhodopsin [5].
DHA has been modelled by molecular mechanics methods
and suggested to have a rigid and ordered structure [6–8].
Contrary to the results of these modelling studies, DHAwith
its long run of double-bonded carbons separated by a single
methylene group has been found in a compressibility study
[9] to have high flexibility and minimal sensitivity to
temperature in that DHA showed to be the most easily
compressed acyl chain, when compared with saturated
(stearoyl) and monounsaturated (oleic) acyl chains in
phospholipids with choline head group.
The importance of the specific phospholipid head group
is illustrated by the membrane protein topology and activity-
0301-4622/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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determining properties of glycerophospholipids with anionic
head groups [10], these phospholipids alter the structure of
human recombinant prion protein associated with mem-
branes in living cells [11]. Influence of lipid composition on
membrane protein activities has recently been reviewed by
Lee [12].
The above observations indicate that the activity of
membrane-bound proteins can be influenced by the lipid
composition of the membranes. Thus, it is possible that
perturbation of lipid organization in a bilayer by amphiphilic
molecules will influence the activity of such proteins even
without direct interaction between the protein and the
amphiphile. Chlorpromazine, a cationic, amphiphilic phe-
nothiazine, has been found to interact preferentially with
bilayers containing phospholipids with a high proportion of
phosphatidylserines and highly unsaturated acyl chains [13].
Furthermore, CPZ has been found to slightly increase lipid
order when the bilayer is above the gel to liquid crystalline
phase transition temperature, Tc, and decrease lipid order
when the bilayer is below Tc [14].
Membrane perturbation with CPZ and other amphiphils
induces a host of genes in both bacteria and mammalian
cells (reviewed in [15]). It is, thus, possible that CPZ’s
reported/claimed antagonistic effect on the D2-receptor is
partially due to perturbation by CPZ of the membrane that
contains the receptor. In micromolar concentration CPZ
causes large increases in the mean molecular areas in
monolayers of acidic phospholipids, whereas no such
molecular area increase is found for the neutral glycer-
ophospholipids in monolayers [16]. Similar findings by us
[17], using magic angle spinning solid state 13C NMR on
bilayer samples with partial hydration (12 H2O per
phospholipid), showed that CPZ had low or no interaction
on the acyl packing of liposomes made of phospholipids
without a net negative head group charge and with saturated
acyl chains, such as palmitoyl (DPPC) and myristoyl
(DMPC), while it caused a large (5–15 ppm) shift to higher
ppm values of ¨30% of the acyl chain carbon resonances in
liposomes composed of pig brain PS (PBPS) and DPPC. PS
is a major anionic phospholipid in mammalian cell
membranes like peripheral and central nervous system
myelin and PBPS was subjected to CPZ interaction studies
as PBPS bilayer and in a mixture with DPPC as a DPPC (60
mol%)/PBPS (40 mol%) bilayer. This pig brain PS
contained molecular species of phospholipids with the
following acyl chains: two major molecular species 18:0–
18:1 (49%) and 18:0–22:6 (28%), and five minor molecular
species each in the 3–7% range, of which two are known
16:0–22:6 (6%) and 18:0–20:4 (3%).
Recently [13], we have studied the interaction on fully
hydrated (30 H2O per phospholipid) DPPC (60%)/PBPS
(40%) bilayers above the gel to liquid crystalline phase
transition temperature, Tc. In this recent study on a
DPPC(60%)/PBPS(40%) bilayer and with CPZ added
(DPPC(54%)/PBPS(36%)/CPZ(10%)), the Tcs were found
to be about the same, 303.5 and 305.8 K, respectively. With
this acyl chain composition of pig brain PS (18:0–18:1
(49%), 18:0–22:6 (28%), 16:0–22:6 (6%) and 18:0–20:4
(3%)), the sample composition can be outlined as a DPPC
(60%)/SOPS (20%)/SDPS (11%)/OTHER (9%). Compared
with the sample of this work DPPC (60%)/POPS (29%)/
SDPS (11%), the samples differ in the amounts of
polyunsaturated PS (11% SDPS and 9% OTHER versus
11% SDPS of this study) and monounsaturated PS (20%
SOPS versus 29% POPS of this work). (We have carried out
solid-state NMR experiments on pure SOPS and pure POPS
bilayers with CPZ added and found the CPZ interaction to
be negligible for both of these monounsaturated phospha-
tidylserines.) On the basis of the amount of unsaturated acyl
chains, it is reasonable to expect the Tcs of samples used in
the work presented here to be comparable with the Tcs of
303.5–305.8 K of the previous study.
A general feature of the phosphatidylserine 31P static
NMR spectra is a large chemical shielding anisotropy (CSA)
(the CSA is generally larger for serine than for choline and
ehanolamine head groups). The CSA appears to be
influenced by the chemical nature of the fatty acyl chains
[13]. Furthermore, the similarities of the static shielding
tensor of phosphatidylserine and -choline taken together
with the somewhat larger CSA for phosphatidylserines,
suggest that the phosphatidylserine phosphate moiety differs
conformationally or motionally from the phosphatidylcho-
line phosphate moiety [18,19]. This can be accounted for by
greater rigidity of the phosphatidylserine head group than
the phosphatidylcholine head group. This rigidity suppos-
edly results from electrostatic interactions and/or hydrogen
bonding between or within the phosphatidylserine head
groups. Thus, dilution of negatively charged PBPS with
neutral DPPC removes some of this interaction and will
allow greater freedom of motion of the phosphatidylserine
head group. The gel to liquid crystalline phase transition of
a phospholipid bilayer upon increase in temperature is
accompanied by several structural changes in the lipid
molecules. The principal change is the trans-gauche
isomerization in the saturated carbons in the acyl chains
and the average number of gauche conformers can be
related to bilayer thickness.
In our previous study [13] we deduced from our analysis
of the composition of molecular species in PBPS that it must
have been SDPS in the PBPS that caused the main, strong
interaction with CPZ since POPS and SOPS showed
negligible interaction with CPZ. In the present study, we
have investigated phospholipid acyl chain unsaturation
effect on CPZ bilayer interaction further by employing
fully hydrated (30 H2O per phospholipid) and authentic
DPPC(60%)/POPS(29%)/SDPS(11%) and DPPC(54%)/
POPS(26%)/SDPS(10%)/CPZ(10%) bilayers both below
and above the gel to liquid crystalline phase transition
temperature, Tc. The biologically abundant phosphatidyl-
serines, POPS and SDPS, where the POPS species has its
unsaturated sn-2 acyl chain bond at C9\C10, and the DHA
containing SDPS species, with the 6 unsaturated acyl chain
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bonds at C4\C5, C7\C8, C10\C11, C13\C14, C16\C17
and at C19\C20. With this distribution of unsaturated acyl
chain bonds and the chosen molar percentages, the
contribution to the NMR spectra from the CfC resonances
other than C9\C10 of POPS will be due to the DHA acyl
chain of the SDPS phospholipid. In this way specific
phospholipid bilayer interaction of CPZ can be detected.
This DPPC (56 mol%)/POPS (29 mol%)/SDPS (11 mol%)
phospholipid bilayer was studied without and with 10 mol%
of CPZ added. Samples were pH adjusted to 7.4 in order to
ensure that the serine head group carboxyl group was
deprotonated (pKa of ¨4.4).
13C [20] and 31P [19] solid-
state NMR techniques were employed to obtain structural
and dynamic information of this phospholipid bilayer when
interacting with the CPZ amphiphile.
2. Materials and methods
2.1. Liposome preparation
Chlorpromazine HCl (CPZ) and synthetic 1, 2-dipalmi-
toyl phosphatidylcholine (DPPC, powder) were obtained
from Sigma Chemical Co. (St. Louis, MO, USA).
Synthetic 1-palmitoyl-2-oleoyl phosphatidylserine (POPS,
dissolved in chloroform), and 1-stearaoyl-2-docosahexe-
noyl phosphatidylserine (SDPS, dissolved in chloroform)
were purchased from Avanti Polar Lipids Inc. (Birming-
ham, Alabaster, AL, USA). Phospholipid bilayers contain-
ing choline and serine head groups were made in a molar
composition of 60% PC and 40% PS (29% POPS, 11%
SDPS) and dissolved in t-butanol and then lyophilized to
dryness. The PC/PS and the PC/PS/CPZ bilayers were kept
under an argon atmosphere and not exposed to air and
light. Each sample of dry powder was then suspended in
H2O. These suspensions contained multilamellar liposomes
and unilamellar systems were obtained by freeze-thawing 7
times. At the freeze-thawing stage all samples were
adjusted to a pH of 7.4 by adding a small amount of
0.05 M NaOH. Subsequently, the lipid suspension was
divided into two equal parts and to one part was added an
amount of CPZ HCl (dissolved in H2O) to obtain a 10%
molar ratio. Thus a sample of 54% PC, 36% PS (26%
POPS and 10% SDPS) and 10% CPZ was obtained as well
as the corresponding sample without CPZ. The samples
with added CPZ HCl were then incubated on a waterbath
for 24 h at 317 K. Subsequently, the samples were
subjected to 24 h of lyophilization giving partially
hydrated liposomes with a hydration level of ¨12 water
molecules per lipid molecule (determined by 1H-MAS
NMR). Then, water was added to the samples to obtain
fully hydrated bilayers (¨30 water molecules per lipid
molecule) [21,22] and the samples were equilibrated at 315
K for 48 h (above the samples gel to liquid crystalline
transition temperature(s)) and packed in NMR rotors
(Scheme 1).
2.2. CP-MAS-13C NMR spectroscopy
The 13C-MAS NMR experiments were obtained at
100.62 MHz with the Bruker AVANCE DMX 400 instru-
ment equipped with magic angle spinning (MAS) hardware
and used ZrO2 spinning rotors with a diameter of 4 mm.
Experiments were done at sample temperature of 310 K
with sample spinning rate of 1500 Hz. Calibration of the
MAS probe temperature has been done by the manufacturer
(Bruker, Germany) upon delivery of the solid state equip-
ment. Confirmation of the MAS probe temperature calibra-
tion in the temperature range with relevance to
phospholipids bilayer phase transitions was carried out on
a pure DPPC sample. 13C NMR spectra were recorded from
293 to 317 K, and the DPPC phase transition was found to
occur between 313.6 and 315.6 K. These experiments were
carried out with high-power proton decoupling during the
acquisition, i.e. without Nuclear Overhauser Effect (NOE).
In this study, experiments of the two DPPC/POPS/SDPS
and DPPC/POPS/SDPS/CPZ bilayer systems were carried
out with a relaxation delay of 5 s between transients, unless
otherwise stated. Typically, a total of 16,000 transients were
acquired. The spectra were multiplied with an exponential
window function increasing the line-width by 2 Hz to
reduce noise prior to Fourier transformation.
13C spin-lattice relaxation times were obtained by a
modified inversion-recovery pulse sequence using a com-
posite 180- pulse [23] to counteract potential problems
associated with non-uniform excitation across the range of
13C chemical shifts. A recycling delay of 10 s between
transients were used between the 256 and 512 transients
accumulated a sample temperature of 310T0.5 K. In order
to obtain accurate relaxation data on the palmitic acyl chain
methyl group, relaxation experiments using a pulse program
with broadband 1H-decoupling and a 50 s relaxation delay
were also carried out with 128 transients.
2.3. 31P NMR spectroscopy
Static 31P spectra were acquired on these two fully
hydrated bilayer samples at the various temperatures
ranging from 296 to 318 K at 161.98 MHz and high-power
decoupling during acquisition, i.e. without Nuclear Over-
hauser Effect (NOE). Typically, 512 transients were
collected for each experiment with a relaxation delay of 5
s between transients. These fids were multiplied with an
exponential window function increasing the line-width by








Scheme 1. Chlorpromazine (CPZ).
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angle spinning 31P experiments (T1 measurements) were
carried out with a rotor spinning speed of 2 KHz. These fids
of 64 transients were Fourier transformed without apodiza-
tion in order to keep spectral resolution. 31P relaxation data
were obtained with 1H-cross-polarization at temperatures
from 296 K to 318 K, and with rotor spinning speed of 2
kHz. Typically 512 transients were accumulated.
3. Results
The 13C magic angle spinning (MAS) spectra of bilayer
samples DPPC/POPS/SDPS and DPPC/POPS/SDPS/CPZ
in the liquid crystalline phase were recorded at a temper-
ature of 310 K and are presented as spectral regions in Figs.
1–4 where the top spectrum shows the phospholipid sample
with 10% CPZ and the bottom spectrum the corresponding
sample without CPZ. Fig. 1 shows the DPPC, POPS and
SDPS acyl chain sp3 carbon resonances in the 12–38 ppm
region. The two spectra (Fig. 1, top and bottom) are
dominated by the palmitic (DPPC and POPS) as well as the
oleic (POPS) molecular species. The molar composition of
the samples cause the palmitic (16:0) acyl chain resonances
to give ¨75% of the peak intensities in this spectral region,
whereas the contribution from the SDPS species in this
spectral region is 10% (5% from each of the 18:0 and 22:6
acyl chains). Thus, only the palmitic carbon resonances are
assigned, see Fig. 1 (some of these peaks contain
contribution from carbon resonances of other acyl chains
than palmitoyl chains). The phospholipid choline and serine
head group carbon resonances as well as the glycerol moiety
resonances appear in the 52–73 ppm spectral region—see
Fig. 2. Of these resonances, only the choline head group
resonances come from a single molecular species, the DPPC
molecule. The serine resonances come from two PS species,
POPS and SDPS, and the molar composition gives a PC/PS
peak ratio of 1.5. The three glycerol resonances will be
composed of the three phospholipid species in the two
samples, DPPC, POPS and SDPS.
From the T1 data presented in Table 1, one finds that the









Fig. 1. Methylene and methyl carbon resonance region (12–38 ppm) of
samples DPPC(60%)/POPS(29%)/SDPS(11%) (bottom spectrum) and
DPPC(54%)/POPS(26%)/SDPS(10%)/CPZ(10%) (top spectrum). Spectra
are acquired at 310 K (samples are in liquid crystalline phase). The samples
molar composition cause the palmitic (16:0) acyl chain resonances to
dominate (¨ 75% of the peak intensities) in this spectral region. Thus, only
the palmitic carbon resonances are assigned in the two spectra. An asterisk
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Fig. 2. Top: Structural formula of the glycerol moiety and the two
phospholipids head groups, serine and choline, with the corresponding
assignment letters used in the spectra. Bottom: Phospholipid head group
and glycerol carbon resonance region (52 – 73 ppm) of samples
DPPC(60%)/POPS(29%)/SDPS(11%) (bottom spectrum) and
DPPC(54%)/POPS(26%)/SDPS(10%)/CPZ(10%) (top spectrum). Spectra
are acquired at 310 K (samples are in liquid crystalline phase). The molar
composition makes a PC/PS ratio of 1.5. See the text for details.
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by the addition of CPZ, whereas the serine head group T1
values show a reduction in presence of CPZ. The glycerol
carbon T1 values, on the other hand, demonstrate a diverse
effect of CPZ. The sn-1 glycerol carbon display an increased
T1 value due to CPZ in contrast to both the sn-2 and sn-3
glycerol carbons (where the POPS and SDPS unsaturated
acyl chain and the phosphate and head group are attached,
respectively) that have T1 values unaffected by CPZ.
Fig. 3 shows the 125–135 ppm region where the CfC
resonances of the acyl chains of samples DPPC/POPS/
SDPS and DPPC/POPS/SDPS/CPZ are found. The molar
composition of the samples makes the oleic(18:1)/
DHA(22:6) acyl chain ratio 2.5. The oleic(18:1) acyl chain
of POPS double bond (at C9\C10) and the six double bonds
of DHA of SDPS (double bonds at C4\C5, C7\C8,
C10\C11, C13\C14, C16\C17,C19\C20) makes the car-
bon–carbon double bond ratio between POPS and SDPS to
be 1/6. Consequently, the observed sp2 carbon resonances in
the 13C NMR spectra can be expected to be close to the
described 1/6 ratio multiplied by the species percentages of
the samples. Thus, samples with and without CPZ has a
POPS/SDPS acyl chain CfC ratio of (0.291 double
bond)/(0.116 double bonds) or approximately 0.4.
Comparison of the CfC resonances with/without CPZ
(see Fig. 3) shows a pronounced intensity change of some of
these, the peaks at 127–129 ppm, upon CPZ interaction.
The crowded spectral region displayed in Fig. 3 pose an
obstacle to a complete resonance assignment. However, in a
recent solid-state NMR where 1H–13C two-dimensional
cross-polarization experiments were employed [24], the
investigators managed to firmly assign DHA’s C19 and C20
to 126.8 and 131.3 ppm, respectively. Thus, peak A is
assigned to resonance C20 and peak H to resonance C19—
see Fig. 3. The remaining CfC resonances of DHA
(C4\C5, C7\C8, C10\C11, C13\C14, C16\C17) are
located between 127.4 and 128.4 ppm and could not be
individually assigned. In an early study on CfC resonance
assignment and estimation of chemical shifts Gunstone et al.
[25] showed that in monoenoic acyl chains, like the oleic
chain of POPS, the C10 resonance would come at a higher
chemical shift than the C9, they found 130.02 and 129.78
ppm, respectively. Based on our own previous work, on the
signal intensities of these resonances (Fig. 3) and on POPS
and the described higher chemical shift of C10 of the
C9fC10 pair, peaks B and C in Fig. 3 can be assigned to the
oleic acyl chain of POPS where resonance B corresponds to
C10 and resonance C to C9 of POPS. These two CfC
resonances from the middle of POPS’s acyl chain, display
almost no changes in intensity and T1 values (Table 1) when
CPZ is added (T1 values for peaks B, C, E, F and G in Fig. 3
could be determined).
As evident in Fig. 3 there is no intensity change of
DHA’s resonances C19 and C20 upon addition of CPZ (peaks
A and H, respectively). Furthermore, peaks E and G (Fig. 3
and Table 1) display a marked increase in T1 value when
CPZ is present (peak F has approximately similar T1 values
without and with CPZ). Thus, the part of SDPS’s DHA acyl
chain that are affected by the presence of CPZ is the part
close to the polar region of the bilayer, as demonstrated by
the intensity and T1 value increase of these resonances.
Table 1
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Fig. 3. Double bonded acyl chain carbon resonance region (125–135 ppm)
of samples DPPC(60%)/POPS(29%)/SDPS(11%) (bottom spectrum) and
DPPC(54%)/POPS(26%)/SDPS(10%)/CPZ(10%) (top spectrum). Spectra
are acquired at 310 K (samples are in liquid crystalline phase). The molar
composition of the samples makes the oleic(18:1)/DHA(22:6) ratio of 2.5.
This causes the total oleic(CfC)/DHA(CfC) peak ratio to be 0.4. See the
text for details.
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All these assignments are further supported by the molar
composition of the samples. The spectrum of the sample
without CPZ demonstrates DHA double bonded carbon
resonances with smaller signal intensity than necessary for a
good correspondence with the molecular ratio of the sample.
On the other hand, the sample containing CPZ show these
resonances with larger signal intensities and some with
increased T1 values (Table 1), when compared with the
sample without CPZ. The appearance of some broad peaks
around 124 ppm labeled with an asterisk ‘‘*’’ (Fig. 3, top
spectrum) when CPZ is present correspond to double
bonded carbon resonances of the CPZ molecule, as does
the peak at ¨133.5 ppm labeled with an asterisk ‘‘*’’ (Fig. 3,
top spectrum). Another interesting feature in the carbon T1
data (Table 1) is the ¨240% increase in the T1 value of
carbon C9 of the unsaturated acyl in the POPS molecule and
the ¨28% T1 value reduction of C9’s acyl chain neighbor,
the C10 carbon, in presence of CPZ.
Fig. 4 shows the carbonyl resonance (¨173 ppm) and the
serine head group carboxyl (¨171 ppm) [26] resonance of
samples DPPC/POPS/SDPS (bottom spectrum) and DPPC/
POPS/SDPS/CPZ (top spectrum). The molar composition
(PC/PS ratio) makes the theoretical peak ratio of 2.5
between the carbonyl and carboxyl resonances. From the
two spectra shown in Fig. 4, it is apparent that the carbonyl
resonance (¨173 ppm) of the bilayer is not affected by
175 170
ppm
Fig. 4. Carbonyl and carboxyl carbon resonance region (170–176 ppm) of
samples DPPC(60%)/POPS(29%)/SDPS(11%) (bottom spectrum) and
DPPC(54%)/POPS(26%)/SDPS(10%)/CPZ(10%) (top spectrum). Spectra
are acquired at 310 K (samples are in liquid crystalline phase). The molar
composition (PC/PS ratio) makes the theoretical ratio between the carbonyl
and carboxyl resonances to be 2.5. See the text for details.
Table 2
31P chemical shift anisotropy (CSA, in ppm) from 296 K to 318 K DPPC/
POPS/SDPS and DPPC/POPS/SDPS/CPZ bilayers




































Fig. 5. Static 31P NMR spectra of samples DPPC(60%)/POPS(29%)/
SDPS(11%) (left column) and DPPC(54%)/POPS(26%)/SDPS(10%)/
CPZ(10%) (right column). Sample temperatures from 296 K (top spectra)
to 318 K (bottom spectra). See the text for details.
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addition of CPZ. A corresponding comparison of the serine
head group carboxyl resonance (¨ 171 ppm), on the other
hand, makes it evident that the 10% CPZ reduces the
carboxyl resonance intensity by about 2/3 and the T1 (Table
1) value by 40% (from 1.15 to 0.61 s). The corresponding
T1 values for the carbonyl resonance is about unchanged in
presence of CPZ.
In general, the 31P CSA data presented in Table 2 and
Fig. 5 show that the sample without CPZ has a higher CSA
than when CPZ is added over the whole temperature range
measured (296–310 K). The CSA of the sample without
CPZ (the DPPC/POPS/SDPS sample) displays a fairly
steady decrease in CSA value as temperature increases. In
addition to a general decrease in CSA value upon temper-
ature increase, the CPZ containing sample (the DPPC/
POPS/SDPS/CPZ sample) displays a sudden drop in CSA
of 13 ppm from 305 to 306 K. Thus, the CPZ containing
sample displays this sudden reduction in CSA at a sample
temperature of about 305.5 K, in correspondence with the
main melting (transition) temperature displayed by this kind
of phospholipid sample. The 31P T1 values are measured at
the central band of the MAS spectra, and presented in Table
3. In Fig. 6 the three central band peaks are displayed at
several of the temperatures investigated. They can be
assigned [13,27] to the three molecular species: PC, PS
and CPZ–PS complex. Both the PC and the PS species
show similar T1 values with and without CPZ and the CPZ–
PS complex shows a T1 similar to the PC and the PS
species—see Table 3.
4. Discussion
The observed intensity decrease of the glycerol carbon
resonances of the DPPC/SDPS/CPZ sample (Fig. 2) when
compared with the DPPC/SDPS sample is most pronounced
for the sn-3 carbon, i.e. the glycerol carbon where the
phosphorus and head group are attached. A similar signal
intensity decrease/line broadening is observed for the serine
carboxyl resonance of the DPPC/SDPS/CPZ sample when
compared with the DPPC/SDPS sample. An explanation for
these observations can be found in the possibility of an
altered transverse relaxation of dipolar coupled spins under
radiofrequency irradiation (decoupling) [28]. In such a case
destructive interference effects cause line broadening due to
(molecular) motion interfering with the coherent modulation
from radiofrequency decoupling. Even carbons without
directly attached protons (such as carbonyl and carboxyl
carbons) can to some extent experience these effects when
coupled to other nearby protons. Furthermore, dipolar
interactions are expected to be weak for nonprotonated sp2
carbons and the main line broadening mechanism will be the
chemical shift anisotropy (CSA). (Protonated sp2 carbons of
the acyl chains’ olefinic double bonds will experience both
the described line broadening mechanisms [28].)
With the possibility of such effects (as described above)
complicating the spectral interpretations the 13C T1 data
obtained on the DDPC/POPS/SDPS and DDPC/POPS/
Table 3
31P T1 values (s) from 296 K to 318 K DPPC/POPS/SDPS and DPPC/
POPS/SDPS/CPZ bilayers
Temperature (K) DPPC/POPS/SDPS DPPC/POPS/SDPS/CPZ
PC PS PC PS CPZ–PS
296 0.57 0.53 0.77 0.64 0.60
298 0.54 0.52 0.65 0.64 0.60
300 0.57 0.54 0.64 0.58 0.62
302 0.51 0.50 0.57 0.51 0.51
304 0.55 0.51 0.61 0.52 0.49
305 0.51 0.49 0.52 0.50 0.51
306 0.54 0.49 0.51 0.53 0.53
308 0.53 0.50 0.52 0.52 0.49
310 0.57 0.47 0.49 0.49 0.42
312 0.55 0.51 0.51 0.48 0.42
314 0.55 0.51 0.49 0.47 0.41
316 0.57 0.57 0.46 0.46 0.45
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DPPC/POPS/SDPS DPPC/POPS/SDPS/CPZ
Fig. 6. 31P MAS spectra of samples DPPC(60%)/POPS(29%)/SDPS(11%)
(right column) and DPPC(54%)/POPS(26%)/SDPS(10%)/CPZ(10%) (left
column) between sample temperatures 296 and 318 K. Note sudden
decrease in CSA of CPZ containing sample at 305 K. See the text for
details.
S. Chen et al. / Biophysical Chemistry 117 (2005) 101–109 107
SDPS/CPZ samples (of this work) are of great value. This is
even more so due to the simpler molecular species makeup
of the DDPC/POPS/SDPS sample of this work when
compared with the higher molecular species complexity of
our previous work [13], where we employed pig brain PS
(PBPS). For example, the CfC region of the 13C spectra
displayed in Fig. 3, the C9 and C10 resonances of POPS
could be assigned, so that the remaining CfC resonances
are known to belong to SDPS’s sn-2 attached DHA acyl
chain. Of these latter CfC resonances, the C19 and C20 of
DHA could be firmly assigned, and all the remaining
unassigned CfC resonances are then known to belong to the
DHA acyl chain, namely the C4, C5, C7, C8, C10, C11, C13,
C14, C16 and C17 carbon resonances.
Binding of CPZ to phospholipids can be followed in the
13C spectra where serine head group carbon resonances show
increased intensity when CPZ is added to the DPPC/POPS/
SDPS bilayer. This result is contrary to the results found in
our previous work [13] on a PC/PS/CPZ sample where the
PS component is an extract from pig brain and composed as
follows: The PS composition of PBPS used has been
determined to mainly contain these components: 18:0–
18:1 (49%), 18:0–22:6 (28%), 16:0–22:6 (6%) and 18:0–
20:4 (3%). Thus, this can be described as a DPPC(60%)/
SOPS(20%)/SDPS(11%)/OTHER (9%) sample. Effects of
an altered transverse relaxation of dipolar coupled spins
under radiofrequency irradiation (decoupling) has been
described earlier [28] and the possibility of such effects
producing potentially confusing changes in signal intensities
when CPZ is present, make the 13C T1 measurements on both
DPPC/POPS/SDPS and DPPC/POPS/SDPS/CPZ samples
important. (Unfortunately, we did not carry out 13C T1
experiments on the pig brain PS samples (PBPS) of our
previous work, this kind of sample has a higher molecular
species complexity than the samples of this work.)
In a previous study [17] addition of CPZ to partially
hydrated DPPC/PBPS bilayer (¨ 12 H2O/phospholipid) ¨
30% of the main acyl chain carbon resonances in the 13C
NMR spectra were shifted down field by 5–15 ppm,
demonstrating CPZ interdigitation among the phospholipid
acyl chains. The fully hydrated DPPC/POPS/SDPS bilayer
of this study showed no such down field shift of acyl chain
resonances in the 13C NMR spectra when CPZ was present.
The lower mobility of the phospholipids in partially hydrated
bilayers when compared with the fully hydrated bilayers of
this study is evident from the broader line shapes in the 13C
NMR spectra of the partially hydrated bilayers [17]. Thus, a
less dense molecular packing of the phospholipids in fully
hydrated bilayers would presumably not make interdigitated
CPZ molecules come in close enough contact with acyl chain
carbons to perturb the p-orbitals of these carbons, and
consequently, a 5–15 ppm shift to higher ppm values of
these acyl chain carbon resonances is not observed in the
fully hydrated bilayers of this study.
Phospholipid head group (and phosphate) motion and an
altered motion caused by an interacting amphiphile like
CPZ in a bilayer will give static 31P NMR spectra that differ
in chemical shift anisotropy (CSA). In the static 31P NMR
spectra of DPPC/POPS/SDPS/and DPPC/POPS/SDPS/CPZ
(Fig. 5 and Table 2), the former demonstrate a CSA that is
10–17 ppm larger than the latter over a quite large
temperature range covering the gel to liquid crystalline
phase transition temperature. Thus, the presence of CPZ
causes an enhancement of the phospholipid head group
mobility. A separate (new) 31P chemical shift for the CPZ-
phosphate is observed when CPZ binds to the phosphate of
phosphatidylserine bilayers as demonstrated in the 31P NMR
spectra of the DPPC/POPS/SDPS and DPPC/POPS/SDPS/
CPZ bilayers. In the previous study of 60%/40% DPPC/
PBPS bilayer the bulky choline head groups imposes
conformational restrictions [13,29] on the CPZ-phosphate
complex and also promote CPZ-carboxyl binding which
was not observed for the ‘‘all serine’’ head group samples
and therefore seem less favoured.
The T1 relaxation measurements make it clear that the
unsaturated acyl chain carbons (palmitic, stearic and most of
the oleic chain) do not change in mobilities upon CPZ
addition (these carbons have similar T1 values (Table 1)
without and with CPZ in the bilayer). The unsaturated
carbons of the DHA acyl chain, on the other hand, display a
2–3 times increase in T1 value with CPZ present, i.e. these
unsaturated carbons experience a decreased mobility when
CPZ is present in the bilayer. The choline head group carbon
resonances, two of the glycerol carbons (the sn-2 and sn-3
carbons) and the carbonyl resonance display no change in
T1 upon CPZ addition. The serine head group carbon
resonances (the Ca, Ch and CO2
) display a 2–3 times
reduction in the T1 value upon CPZ addition, possibly due
to an increased mobility of these carbons (the phospholipids
are in the slow motion regime at the relaxation measurement
temperature). The 31P relaxation measurements show that all
three head group components (PC, PS and CPZ–PS) do not
Scheme 2. Molecular model of chlorpromazine (CPZ) interaction with a 1-
stearoyl-2-docosahexanoylserine (SDPS) molecule. The CPZ molecule
(right) is positioned with its positive charge on the nitrogen atom (labelled
N) on the end of CPS’s acyl chain. This positive charge is in the vicinity of
the phosphate’s (labelled P) negative charge in the SDPS molecule (left).
Both acyl chains of the SDPS molecule have sp3 carbon dihedral angles of
60- (liquid crystalline state). The molecular model suggests that the carbons
C4 and C5 of DHA (sn-2 position) will be affected by an interdigitating
CPZ molecule.
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vary by any significant amount as function of sample
temperature, only the CPZ–PS component is to some
degree temperature sensitive below the main phase tran-
sition temperature. The PC and the PS components display
very similar 31P relaxation in both bilayer samples, i.e. with
and without CPZ present.
In addition to the importance of the phospholipid head
group, also the degree of phospholipid acyl chain
unsaturation will determine [30] part of the CPZ inter-
action with the bilayer. The observed increased signal
intensity of CfC SDPS’s DHA acyl chain carbon
resonances and an increase in the corresponding T1-values
for two (out of three that could be measured) of the CfC
peaks where the C4 and C5 resonances reside and, thus, the
reduced mobility of C4 and C5 appear to be due to CPZ
binding. A molecular model of the CPZ interaction with a
1-stearoyl-2-docosahexanoylserine (SDPS) molecule gen-
erated by the Titan software (Wavefunction, Irvine, CA) is
presented in Scheme 2. In this model a CPZ is located
with its positive charge (acyl chain nitrogen) in the vicinity
of a SDPS’s phosphate group negative charge. SDPS’s acyl
chains have the sp3 carbon dihedral angles of 60- (liquid
crystalline state). Even though the actual conformation(s)
of the DHA’s acyl chain (in the sn-2 position) may differ
somewhat from the conformation displayed in Scheme 2,
the model suggests that CPZ interdigitated in such a
bilayer will have an effect on both carbons C4 and C5 of
the DHA.
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Abstract
The polyunsaturated fatty acid docosahexaenoic acid (DHA, 22 :6, n-3) is found at a level of about 50% in the phospholipids of neuronal tissue
membranes and appears to be crucial to human health. Dipalmitoyl phosphatidylcholine (DPPC, 16 :0/16 :0 PC) and the DHA containing
1-stearoyl-2-docosahexenoyl phosphatidylserine (SDPS) were used to make DPPC (60%)/SDPS (40%) bilayers with and without 10 mol%
chlorpromazine (CPZ), a cationic, amphiphilic phenothiazine.
Resonances that are present in 13C NMR spectrum of the DPPC (60%)/SDPS (40%) sample and that disappear in presence of 10% CPZ most
probably are due to the special interface environment, e.g. the hydrophobic mismatch, at the interface of DPPC and SDPS microdomains in the
DPPC/SDPS bilayer. In itself the appearance of resonances at novel chemical shift values is a clear demonstration of a unique chemical
environment in the DPPC (60%)/SDPS (40%) bilayer. The findings of the study presented here suggest CPZ bound to the phosphate of SDPS will
slow down and partially inhibit such a DHA acyl chain movement in the DPPC/SDPS bilayer. This would affect the area occupied by a SDPS
molecule (in the bilayer) and probably the thickness of the bilayer where SDPS molecules reside as well. It is quite likely that such CPZ caused
changes can affect the function of proteins embedded in the bilayer.
D 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Cellular membranes like those of retinal rod outer segments
[1], mitochondria [2], spermatozoa [3] and cerebral grey matter
[4] have a high percentage of phospholipids with polyunsat-
urated acyl chains, i.e. the N-3 and N-6 fatty acids [5]. Low
levels of these polyunsaturated fatty acids are related to a
variety of pathological conditions like cancer [6], visual
disorder [7] and cardiovascular disease [8]. Thus, these
apparently unrelated diseases, indicate a fundamental role
played by the polyunsaturated fatty acids in the cells. The
N-3 fatty acid, docosahexaenoic acid (DHA) and the N-6 fatty
acid, arachidonic acid (AA), differ in that the latter serves as a
precursor for prostaglandins [9] in platelet function, whereas
the former does not appear to be metabolized [1].
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DHA has a function as ligand for retinoid X receptor [10],
influences the Cl channels [11] (cystic fibrosis) and the
neuronal K+ channels [12], is released in response to serotonin
[13], has an essential role in brain maturation and neuronal
function and is here found in bilayer phospholipids at a 30–50%
level. Bilayers with such high DHA levels have distinct
properties, probably related to the functioning of integral
membrane proteins. When compared with less unsaturated
phospholipid acyl chains, DHA-containing bilayers have
reduced thickness in the fluid state and consequently an
increased area occupied per phospholipid at the aqueous
interface of the bilayer [14]. A substantial amount of work has
been done on the phase behavior of binary lipid mixtures to get a
better understanding of lipid interactions in cell membranes. In
bilayers composed of two or more phospholipids with different
gel to liquid crystalline phase transition temperatures, different
acyl chain lengths and different degrees of acyl chain unsatura-
tion, it is conceivable that one can find segregation of bilayer
components in the plane of the bilayer [15]. In such a case, one
important driving force would be the hydrophobic mismatch due
to differences in thickness of the phospholipid species in the
bilayer [16]. Effects of adding an amphiphile like chlorproma-
zine (see later) to such a bilayer could possibly provide valuable
information on both the modes of action by the drug
(amphiphile) and the robustness of the lipid microdomains in
the bilayer.
Experimental evidence of lipid microdomain formation in
lipid bilayers has been presented from various techniques [17–
23]. In an early study, Cullis and Hope [17] detected a bilayer
stabilizing effect of cholesterol on a sphingomyelin–phospha-
tidylethanolamine lipid mixture by employing 31P NMR. 13C
NMR has been used to study cholesterol and DPPC mixtures
where cholesterol is found to induce fluid-phase immiscibility
in this kind of bilayer [18]. More recently, 2H NMR
experiments have determined that ceramide in phosphatidyl-
choline bilayers cause microdomain formation of different
composition and phase state in POPC/ceramide bilayers at
physiological temperature [19].
Several investigators studying the role of phospholipid acyl
chain unsaturation and stability of lipid rafts composed of
sphingomyelin and cholesterol [20,22] support the notion
that such lipid rafts are promoted by polyunsaturated acyl
chains. The docosahexenoyl (22 :6, DHA) acyl chain is found
to enhance membrane lipid raft formation by lipid phase
separation [24–26].
Molecular mechanics modelling of DHA suggests a rigid and
ordered DHA structure [27–29]. Contrasting these modelling
studies, DHA has been found in a compressibility study [30]
to have high flexibility and minimal sensitivity to temperature
in that DHA showed to be the most easily compressed acyl
chain, when compared with saturated (stearoyl) and monoun-
saturated (oleoyl) acyl chains in phospholipids with choline head
group. Furthermore, findings in a 2HNMR and X-ray diffraction
study, suggest that the sn-2 attached (22 :6) acyl chain in a
(16 :0–22 :6) PC bilayer has a distribution of mass that is shifted
toward the bilayer aqueous interface. The (16 :0) acyl chain, on
the other hand, is found to be displaced toward the membrane
center [31]. The activity of membrane-bound proteins is
influenced by the lipid composition of the membranes [32].
Consequently, perturbation of lipid organization in a bilayer by
amphiphilic molecules can influence the activity of such proteins
even without direct interaction between the protein and the
amphiphile.
We have previously investigated [33], by the use of solid-state
NMR [34], chlorpromazine interaction with partially hydrated
phospholipid bilayers with choline head group and saturated acyl
chains (DPPC (60%)/DMPC (40%)) and mixture of choline and
serine head groups (DPPC (60%)/PS (40%)). These PS phos-
pholipids extracted frompig brain (PBPS) have the following acyl
chain composition: 49% of (18 :0–18:1), 28% of (18 :0–22:6),
and five minor molecular species where two are known: 6% of
(16:0–22:6) and 3% of (18:0–20:4). This study showed that
CPZ has low or no interaction with the DPPC (60%)/DMPC
(40%) bilayer. Conversely, CPZ causes a 5–15 ppm low field
shift of¨30% of the saturated carbon acyl chain resonances in the
DPPC (54%)/PS (36%)/CPZ (10%) bilayer.
It is important to note that phosphatidylcholine and
phosphatidylserine species of like acyl chain composition
[35] and samples of mixed bovine brain phosphatidylserine
(about 8% of the 22 :6 acyl chain) and DPPC [36] have been
found to be completely miscible.
Supported by these findings [33], we investigated further [37]
by 13C and 31P NMR [38] on 1,2-dipalmitoyl phosphatidycho-
line (DPPC, 16 :0–16 :0 PC) in mixture with the previously
described PS extract from pig brain: DPPC (60%)/PBPS (40%)
as well as pure 1-palmitoyl-2-oleoylphosphatidylserine (POPS)
and pure PBPS bilayers with and without CPZ. The data showed
that CPZ prefers binding to the phosphate of phosphatidylserine
and that also carboxyl binding of CPZ is present in the DPPC/
PBPS/CPZ bilayer and that CPZ interaction depends on acyl
chain unsaturation. Recently, we followed up these findings by a
13C and 31P solid-state NMR study [39] on a bilayer composed
of 1,2-dipalmitoyl phosphatidycholine (DPPC, 16 :0–16 :0
PC), 1-palmitoyl-2-oleoylphosphatidylserine (POPS) and the
DHA containing 1-stearoyl-2-docosahexenoyl phosphatidylser-
ine (SDPS) in a DPPC (60%)/POPS (29%)/SDPS (11%) bilayer
with and without 10% CPZ. The T1 relaxation data showed that
the palmitic, the stearic and most of the oleic acyl chains (as well
as the choline head group) were not affected by CPZ. The data
indicated reduced mobility of DHA’s c4 and c5 carbons upon
CPZ binding as well as a clear increase in serine head group
mobility. This recent study [39] showed that chlorpromazine
interacts preferentially with bilayers containing phospholipids
with a high proportion of phosphatidylserines with highly
unsaturated acyl chains.
A general feature of the phosphatidylserine 31P static
NMR spectra is a large chemical shielding anisotropy (CSA)
(the CSA is generally larger for serine than for choline and
ethanolamine head groups). The CSA appears to be influenced
by the chemical nature of the fatty acyl chains [37]. Furthermore,
the similarities of the static shielding tensor of phosphatidylser-
ine and -choline taken together with the somewhat larger CSA
for phosphatidylserines, suggest that the phosphatidylserine
phosphate moiety differs conformationally or motionally from
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the phosphatidylcholine phosphate moiety [38,40]. This can be
accounted for by greater rigidity of the phosphatidylserine head
group than the phosphatidylcholine head group. This rigidity
supposedly results from electrostatic interactions and/or hydro-
gen bonding between or within the phosphatidylserine head
groups. Thus, dilution of negatively charged PBPS with neutral
DPPC removes some of this interaction and will allow greater
freedom of motion of the phosphatidylserine head group. The
gel to liquid crystalline phase transition of a phospholipid bilayer
upon increase in temperature is accompanied by several
structural changes in the lipid molecules. The principal change
is the trans-gauche isomerization in the saturated carbons in the
acyl chains and the average number of gauche conformers can be
related to bilayer thickness.
In our previous studies [33,37,39] we deduced from
the composition of molecular species in PBPS that it must
have been SDPS of the pig brain PS extract (PBPS) that caused
the main, strong interaction with CPZ. (We found that POPS
and SOPS had only negligible interaction with CPZ). In the
study presented here, we employ bilayer samples of DPPC
(60%) and the DHA containing synthetic/pure SDPS (40%) as
well as the CPZ containing counterpart DPPC (54%)/SDPS
(36%)/CPZ (10%) to enhance the possibility of obtaining
information on DHA’s role in CPZ interaction.
2. Materials and methods
2.1. Liposome preparation
ChlorpromazineHCl (CPZ) (Scheme 1) and synthetic
1,2-dipalmitoyl phosphatidylcholine (DPPC, powder) were
obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Synthetic 1-stearoyl-2-docosahexenoyl phosphatidylserine
(SDPS, dissolved in chloroform) was purchased from
Avanti Polar Lipids Inc. (Birmingham, Alabaster, AL, USA).
Phospholipid bilayers containing choline and serine head
groups were made in a molar composition of 60% PC and
40% PS and dissolved in t-butanol and then lyophilized to
dryness. The PC/PS and the PC/PS/CPZ bilayers were kept
under an argon atmosphere and not exposed to air and light.
Each sample of dry powder was then suspended in H2O. These
suspensions contained multilamellar liposomes and unilamel-
lar systems were obtained by freeze-thawing 7 times. At the
freeze-thawing stage all samples were adjusted to a pH of 7.4
by adding a small amount of 0.05 M NaOH. Subsequently, the
lipid suspension was divided into two equal parts and to one
part was added an amount of CPZHCl (dissolved in H2O) to
obtain a 10% molar ratio. Thus a sample of 54% PC, 36% PS
and 10% CPZ was obtained as well as the corresponding
sample without CPZ. The samples with added CPZHCl were
then incubated on a waterbath for 24 h at 317 K. Subsequently,
the samples were subjected to 24 h of lyophilization giving
partially hydrated liposomes with a hydration level of ¨12
water molecules per lipid molecule (determined by 1H–MAS–
NMR). Then, water was added to the samples to obtain fully
hydrated bilayers (¨30 water molecules per lipid molecule)
[41,42] and the samples were equilibrated at 315 K for 48 h
(above the samples gel to liquid crystalline transition
temperature(s)) and packed in NMR rotors.
2.2. CP–MAS–13C NMR spectroscopy
The 13C MAS–NMR experiments were obtained at 100.62
MHz with the Bruker AVANCE DMX 400 instrument
equipped with magic angle spinning (MAS) hardware and
used ZrO2 spinning rotors with a diameter of 4 mm.
Experiments were done at sample temperature of 310 K with
sample spinning rate of 1500 Hz. Calibration of the MAS
probe temperature has been done by the manufacturer (Bruker,
Germany) upon delivery of the solid-state equipment. Confir-
mation of the MAS probe temperature calibration in the
temperature range with relevance to phospholipids bilayer
phase transitions was carried out on a pure DPPC sample. 13C
NMR spectra were recorded from 293 to 317 K, and the DPPC
phase transition was found to occur between 313.6 and 315.6
K. These experiments were carried out with high-power proton
decoupling during the acquisition, i.e. without Nuclear Over-
hauser Effect (NOE). In this study, experiments of the two
DPPC/SDPS and DPPC/SDPS/CPZ bilayer systems were
carried out with a relaxation delay of 5 s between transients,
unless otherwise stated. Typically, a total of 16,000 transients
was acquired. The spectra were multiplied with an exponential
window function increasing the line-width by 2 Hz to reduce
noise prior to Fourier transformation.
13C spin-lattice relaxation times were obtained by a
modified inversion-recovery pulse sequence using a composite
180- pulse [43] to counteract potential problems associated
with non-uniform excitation across the range of 13C chemical
shifts. A recycling delay of 10 s between transients were used
between the 256 and 512 transients which were accumulated at
a sample temperature of 310T0.5 K. In order to obtain accurate
relaxation data on the palmitic acyl chain methyl group,
relaxation experiments using a pulse program with broadband
1H-decoupling and a 50 s relaxation delay were also carried out
with 128 transients.
2.3. 31P NMR spectroscopy
Static 31P spectra were acquired on these two fully hydrated
bilayer samples at the various temperatures ranging from 296
to 318 K at 161.98 MHz and high-power decoupling during








Scheme 1. Chlorpromazine (CPZ).
C. Song et al. / Biophysical Chemistry 120 (2006) 178–187180
Typically, 512 transients were collected for each experiment
with a relaxation delay of 5 s between transients. These fids
were multiplied with an exponential window function increas-
ing the line-width by 50 Hz to reduce noise prior to Fourier
transformation. Magic angle spinning 31P experiments (T1
measurements) were carried out with a rotor spinning speed of
2 KHz. These fids of 64 transients were Fourier transformed
without apodization in order to keep spectral resolution.
31P relaxation data were obtained with 1H-cross-polarization
at temperatures from 296 to 318 K, and typically 512 transients
were accumulated.
3. Results
The 13C Magic Angle Spinning (MAS) spectra of DPPC/
SDPS and DPPC/SDPS/CPZ bilayer samples were recorded at
a temperature of 310 K and are presented as spectral regions in
Figs. 1–3 where the top spectrum shows the phospholipid
sample with 10% CPZ and the bottom spectrum the
corresponding sample without CPZ. Fig. 1 shows the DPPC
and SDPS acyl chain sp3 carbon resonances in the 12–38 ppm
region as well as the phospholipid choline and serine head
group carbon resonances and the glycerol moiety resonances
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Fig. 1. 13C NMR spectra, acquired at 310 K, displaying spectral region of phospholipid head group, glycerol and saturated acyl chain carbons (10–75 ppm). On top
of the figure the structural formula of the glycerol moiety and the two phospholipids head groups, serine and choline, with corresponding assignment letters used in
the spectra. Bottom spectrum: resonances of DPPC (60%)/SDPS (40%) sample. Resonances in the 10–35 ppm region of the bottom spectrum are labeled with the
DHA (22:6) acyl chain carbon numbers. Resonances labeled with an asterisk ‘‘*’’ denote peaks that change chemical shifts when CPZ is present—compare with top
spectrum. Top spectrum: corresponding spectrum of DPPC (54%)/SDPS (36%)/CPZ (10%). Glycerol and phospholipid head group resonances are labeled A–I in
top spectrum where the 10–35 ppm region is labeled with the palmitic (16 :0) acyl chain resonances of DPPC. Peak labeled with an asterisk ‘‘*’’ denotes a CPZ
resonance. See the text for details.
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(in the 52–73 ppm spectral region). Fig. 1 bottom spectrum
shows resonances of DPPC (60%)/SDPS (40%) sample and
spectrum on top of Fig. 1 shows the corresponding spectrum
of DPPC (54%)/SDPS (36%)/CPZ (10%) sample. The two
spectra (Fig. 1, top and bottom) are dominated by the palmitic
(DPPC) molecular specie. The molar composition of the
samples cause the palmitic (16 :0) acyl chain resonances to
give ¨60% of the peak intensities in this spectral region,
whereas the contribution from the SDPS species in this
spectral region is 40% (20% from each of the 18 :0 and
22 :6 acyl chains). Fig. 1, bottom spectrum, displays reso-
nances in the 10–35 ppm region labeled with the DHA (22 :6)
acyl chain carbon numbers of DPPC (60%)/SDPS (40%)
sample. Resonances labeled with an asterisk ‘‘*’’ denote peaks
that change chemical shifts when CPZ is present—compare
with top spectrum. The corresponding top spectrum of Fig. 1
displays resonances in the 10–35 ppm region labeled with the
palmitic (16 :0) acyl chain resonances of DPPC and glycerol
and phospholipid head group resonances are labeled A–I
(DPPC (54%)/SDPS (36%)/CPZ (10%) sample). Peak labeled
with an asterisk ‘‘*’’ denotes a CPZ resonance. Additionally,
Fig. 1 also shows the structural formulas of the glycerol
moiety and the two phospholipids head groups, serine and
choline, with the corresponding assignment letters used in
the spectra. The three glycerol resonances will be composed
of the two phospholipid species in the two samples, DPPC
and SDPS.
From the T1 data presented in Table 1, one finds that the
carbon T1 values of the choline head group h carbon and
carboxyl carbon both show reduced T1 values by the addition
of CPZ. The glycerol carbon T1 values, on the other hand,
demonstrate a diverse effect of CPZ. The sn-1 and sn-3
glycerol carbons display an increased T1 value due to CPZ in
contrast to the sn-2 glycerol carbon that shows a reduced T1
value in presence of CPZ.
Resonances in Fig. 1 (bottom spectrum) at 46–48 and 16–
18 ppm in the DPPC (60%)/SDPS (40%) spectrum appear at
chemical shift values usually not found/reported in 13C NMR
spectra of phospholipid bilayers. The largest of these peaks, for
example the one at 48 ppm displayed in bottom spectrum of
Fig. 1, disappears in presence of CPZ (see Fig. 1, top
spectrum). Similarly, the peak at 18 ppm, Fig. 1, bottom
spectrum, disappears when CPZ is added to the sample (see
Fig. 1, top spectrum). This suggests that the special chemical
shifts of these resonances are due to the molecular organization
in the DPPC (60%)/SDPS (40%) bilayer, i.e. the peaks at these
unusual chemical shifts are due to microdomain formation/
molecular segregation of DPPC and SDPS phospholipids.
Furthermore, these domains are perturbed by the 10% CPZ









Fig. 2. Double bonded acyl chain carbon resonance region (125–135 ppm) of
samples DPPC (60%)/SDPS (40%) (bottom spectrum) and DPPC (54%)/SDPS
(36%)/CPZ (10%) (top spectrum). Spectra were acquired at 310K (samples are in
liquid crystalline phase). Assigned DHA resonances are C20 and C19. Peaks
labeled A–E correspond to carbons 4, 5, 7, 8, 10, 11, 13, 14, 16 and 17 of DHA,
these resonances could not be individually assigned. See the text for details.
ppm
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Fig. 3. Carbonyl and carboxyl carbon resonance region (170–176 ppm) of
samples DPPC (60%)/SDPS (40%) (bottom spectrum) and DPPC (54%)/SDPS
(36%)/CPZ (10%) (top spectrum). Spectra are acquired at 310 K. The molar
composition (PC/PS ratio) makes the theoretical ratio between the carbonyl
and carboxyl resonances to be 2.5. See the text for details.
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see Fig. 1—top spectrum, where the above-mentioned reso-
nances at 48 and 18 ppm are not present in contrast to the
remaining smaller resonances at 46 and 16 ppm. Furthemore,
spectral changes of saturated carbon resonances and glycerol/
head group resonances, without and with CPZ, shown in Fig. 1,
bottom and top spectrum, respectively, indicate that these are
due to saturated acyl chain carbons. Hydrophobic mismatch of
DPPC domains alongside SDPS domains appears to be the
origin of peaks at 48 and 18 ppm (Fig. 1, bottom spectrum).
Peak intensity changes (as well as changes in T1 values—see
later) indicate that palmitic carbons 2 and 15 are responsible for
the unexpected resonances at 48 and 18 ppm in spectrum of the
DPPC (60%)/SDPS (40%) sample. Presumably, SDPS acyl
chains experience the microdomain formation as well, as
evidenced by the peaks labeled with an asterisk in bottom
spectrum of Fig. 1. These assignments, except the assignment
of the DHA C6–C18 peak that can be confirmed by
comparison with spectra of samples with less DHA content
[39], are tentative. The CPZ induced perturbation of the DPPC
and the SDPS microdomains cause changes in the above-
described resonances—see Fig. 1 top spectrum. Intensities of
the assigned resonances displayed in Fig. 1 are in accordance
with the molar ratio of SDPS’s docosahexenoyl and stearoyl
acyl chains at 20% each. The gel to liquid crystalline phase
transition temperature of SDPs is not reported in the literature;
however, it is likely to be below 0- C. Thus, at a sample
temperature of 310 K the SDPS phospholipids would be in the
liquid crystalline phase and DPPC just below its transition
temperature of 314–315 K. However, the carbon resonances in
spectra of DPPC/SDPS and DPPC/SDPS/CPZ have the narrow
appearance that corresponds to phospholipids in the liquid
(crystalline) state.
Fig. 2 shows the 125–135 ppm region where the C=C
resonances of the acyl chains of samples DPPC/SDPS and
DPPC/SDPS/CPZ are found. Comparison of the C=C reso-
nances with/without CPZ (see Fig. 2) shows a pronounced
intensity change of some of these, the peaks at 127–129 ppm,
upon CPZ interaction. The crowded spectral region displayed
in Fig. 2 poses an obstacle to a complete resonance assignment.
However, in a recent solid-state NMR study, where 1H–13C
two dimensional cross-polarization experiments were
employed [44], the investigators managed to firmly assign
DHA’s C19 and C20. Thus, the peak at 131.3 ppm is assigned to
resonance C20 and the peak at 126.8 ppm to resonance C19. The
remaining C=C resonances of DHA (C4–C5, C7–C8, C10–
C11, C13–C14, C16–C17) located between 127.4–130.5 ppm
(peaks labeled A–E in Fig. 2 top spectrum) could not be
individually assigned. As evident in Fig. 2 there is no
significant intensity change of DHA’s resonances C19 and
Table 1
































6, 9, 12, 15, 18 0.56 1.24
21 1.82 1.53
Peaks present in Fig. 1—bottom spectrum that disappear or are reduced when
CPZ is added, Fig. 1—top spectrum.
At chemical shift (ppm):
47.56 1.08 No peak
45.95 0.99 0.80
33.71 1.77 No peak
33.40 1.29 No peak
23.94 0.99 No peak
23.57 0.95 No peak
* Peaks labeled in Fig. 2.
Table 2
13P chemical shift anisotropy (CSA, in ppm) from 296 to 318 K DPPC/SDPS
and DPPC/SDPS/CPZ bilayers
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C20 upon addition of CPZ. Furthermore, the C=C resonances
of DHA (Fig. 2 and Table 1) all display similar T1 values with
and without CPZ. In contrast to this, the DHA’s sp3 carbons in
between sp2 carbons, i.e. carbon 6, 9, 12, 15, and 18 have a
combined peak with a T1 value that more than doubles when
CPZ is present. The single resonance peak of DHA’s carbon 21
(see Fig. 1 and Table 1), on the other hand, shows a 16%
reduction in presence of CPZ. Thus, the part of SDPS’s DHA
acyl chain that are affected by the presence of CPZ is the part
close to the polar region of the bilayer, as demonstrated by the
T1 value increase of these resonances. The appearance of some
broad peaks around 124 ppm labeled with an asterisk ‘‘*’’ (Fig.
2, top spectrum) when CPZ is present corresponds to double
bonded carbon resonances of the CPZ molecule, as does the
peak at ¨133.5 ppm also labeled with an asterisk ‘‘*’’.
Fig. 3 shows the carbonyl resonance (¨173 ppm) and the
serine head group carboxyl (¨171 ppm) [45] resonance of
samples DPPC/SDPS (bottom spectrum) and DPPC/SDPS/
CPZ (top spectrum). The molar composition (PC /PS ratio)
makes the theoretical peak ratio of 2.5 between the carbonyl
and carboxyl resonances. From the two spectra shown in Fig.
3, it is apparent that resonance intensities are not affected by
addition of CPZ. A comparison of both the carbonyl resonance
(¨173 ppm) the serine head group carboxyl resonance (¨171
ppm), without and with CPZ, makes it evident that the 10%
CPZ reduces the SDPS’s carboxyl resonance T1 value (Table 1)
by 65% (from 2.03 to 0.72 s). The corresponding T1 values for
the combined PC/PS carbonyl resonance show a 10% reduction
in presence of CPZ.
In general, the 31P CSA data presented in Table 2 and Fig. 4
show that the sample without CPZ has a higher CSA, than with
CPZ, over the whole temperature range measured (296–318
K). The CSA of the sample without CPZ (the DPPC/SDPS
sample) displays a fairly steady decrease as temperature
increases. In addition to a general decrease in CSA value upon
temperature increase, the CPZ-containing sample (the DPPC/
SDPS/CPZ sample) displays a sudden drop in CSA of 13 ppm
from 304 to 310 K. Thus, the CPZ-containing sample displays
this sudden reduction in CSA at a sample temperature of about
305.5 K, in correspondence with the main melting (transition)
temperature displayed by this kind of phospholipid sample.
The 31P T1 values were measured at the central band of the
MAS spectra, and presented in Table 3. The decrease in T1
value as sample temperature increases demonstrates that the
bilayer phospholipids are in ‘‘slow motion’’ motional regime.
In Fig. 5 the three central band peaks are displayed at several of
the temperatures investigated. They can be assigned [37,46] to
the three molecular species: PC, PS and CPZ–PS complex.
Both the PC and the PS species show similar T1 values with
and without CPZ and the CPZ–PS complex shows a T1 similar
to the PC and the PS species—see Table 3.
4. Discussion
The observed, slight decrease of the glycerol carbon
resonances of the DPPC/SDPS/CPZ sample (Fig. 1) as
compared to the DPPC/SDPS sample is most pronounced for
the sn-3 carbon, i.e. the glycerol carbon where the phosphorus
and head group are attached. An explanation for this
observation can be found in the possibility of an altered













Fig. 4. Static 31P NMR spectra of samples DPPC (60%)/SDPS (40%) (left
column) and DPPC (54%)/SDPS (36%)/CPZ (10%) (right column). Sample
temperatures from 296 K (top spectra) to 318 K (bottom spectra). See the text
for details.
Table 3
13P T1 values (seconds) from 296 to 318 K DPPC/SDPS and DPPC/SDPS/CPZ
bilayers
Temperature (K) DPPC/SDPS DPPC/SDPS/CPZ
PC PS PC PS CPZ–PS
296 1.29 1.03 1.39 1.18 0.99
298 1.03 0.97 1.19 0.99 0.84
300 1.02 1.00 1.02 0.95 0.89
302 0.96 0.85 0.99 0.89 0.74
304 0.96 0.83 0.91 0.88 0.70
306 0.95 0.87 0.87 0.83 1.00
308 0.88 0.80 0.87 0.81 0.71
310 0.93 0.84 0.84 0.76 0.65
312 0.84 0.79 0.84 0.79 0.68
314 0.91 0.84 0.88 0.83 0.64
316 0.82 0.88 0.82 0.79 0.59
318 0.75 0.76 0.79 0.67 0.55
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frequency irradiation (decoupling) [47]. In such a case
destructive interference effects can cause line broadening due
to (molecular) motion interfere with the coherent modulation
from radiofrequency decoupling. Even carbons without directly
attached protons (such as carbonyl and carboxyl carbons) can
to some extent experience these effects when coupled to other
nearby protons. Furthermore, dipolar interactions are expected
to be weak for non-protonated sp2 carbons and the main line
broadening mechanism will be the chemical shift anisotropy
(CSA). (Protonated sp2 carbons of the acyl chains’ olefinic

















Fig. 5. 31P MAS spectra of samples DPPC (60%)/SDPS (40%) (left column) and DPPC (54%)/SDPS (36%)/CPZ (10%) (right column) between sample temperatures
296 and 318 K. Note sudden decrease in CSA of CPZ-containing sample at 305 K. See the text for details.
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Both the choline head group h carbon and the serine head
group carboxyl carbon show reduced T1 values by the addition
of CPZ and presumably this is caused by an increased mobility.
The glycerol carbon T1 values, on the other hand, demonstrate
a diverse effect of CPZ. The sn-1 and sn-3 glycerol carbons
display lower mobility (an increased T1 value) due to CPZ,
whereas the sn-2 glycerol carbon shows higher mobility (a
reduced T1 value) in presence of CPZ. This increased mobility
of the sn-2 moiety is not evident in the C_C resonances of
DHA (Fig. 2 and Table 1). These resonances all display similar
T1 values with and without CPZ. However, the DHA’s sp
3
carbons in between sp2 carbons, i.e. carbon 6, 9, 12, 15, and 18
demonstrate reduced mobility in that these resonances have a
combined peak with a T1 value that more than double when
CPZ is present. The single resonance peak of DHA’s carbon 21
(see Fig. 1 and Table 1), on the other hand, shows a T1 value
with 16% reduction in presence of CPZ. Thus, the part of
SDPS’s DHA acyl chain that demonstrate a reduced mobility
when CPZ is bound to the bilayer is the part close to the polar
region of the bilayer, as demonstrated by an increase in the T1
values of these resonances.
A comparison of both the carbonyl resonance (¨173 ppm)
the serine head group carboxyl resonance (¨171 ppm), without
and with CPZ, makes it evident that the 10% CPZ reduces the
SDPS’s carboxyl resonance T1 value by 65% (from 2.03 to
0.72 s, see Table 1) indicating an increased mobility of the PS
head group when CPZ is bound. The corresponding T1 values
for the combined PC/PS carbonyl resonance show a 10%
reduction in presence of CPZ.
The 31P CSA [48] data (Table 2 and Fig. 4) show that the
sample without CPZ has a higher CSA, than when CPZ is
present, over the whole temperature range measured (296–318
K). Thus, the CSA data support the 13C T1 data in that they both
demonstrate increased mobility of the head groups when CPZ is
bound to the bilayer. Resonances that are present in the
spectrum of the DPPC (60%)/SDPS (40%) sample (Fig. 1,
bottom spectrum) and that disappear in presence of 10% CPZ
(Fig. 1, top spectrum) most probably are due to the special
interface environment, e.g. the hydrophobic mismatch, at the
interface of DPPC and SDPS microdomains. In itself the
appearance of resonances at novel chemical shift values is a
clear demonstration of a unique chemical environment in the
DPPC (60%)/SDPS (40%) bilayer. Rationalizing the effects of
microdomains in the DPPC/SDPS sample (see Fig. 1) it is
reasonable to expect the existence of special local environments
at the interface of microdomains where one predominantly
consists of DPPC molecules and a neighboring domain contains
SDPS molecules. Taking, for example, the two peaks at 48 and
18 ppm displayed in bottom spectrum of Fig. 1, and assuming
that these two resonances are due to acyl chain CH2 groups of
the palmitoyl, stearoyl or C3/C21 of the 22 :6 acyl chain. Such a
CH2 group is in a special environment of the interface of two
DPPC and SDPS microdomains. In such a case, the 48 ppm
peak would come as a result of a CH2 group that experienced an
increased local field due to a neighboring electronegative
nucleus, such as oxygen, or the deshielding region of a C=C
group with strong magnetic suceptibility. The peak in Fig. 1
bottom spectrum, at 18 ppm, on the other hand, could be due to
the special microdomain interface, where the CH2 spends most
of its time in the shielding region of a 22 :6 acyl chain C=C
group, i.e. this acyl chain resonance is shifted to a lower parts
per million value by the environment of the microdomain
interface. The demonstrated disappearance of bilayer micro-
domain 13C peaks in presence of CPZ together with the found
CPZ effects on DHAmobility [49] point at the crucial role DHA
in sn-2 position of SDPS has in formation and perseverance of
phospholipid microdomains in a bilayer like the DPPC (60%)/
SDPS (40%) of this study.
The found tendency of DHA, determined by 2H NMR
and X-ray diffraction [31], that the sn-2 attached (22 :6) acyl
chain in a (16 :0–22 :6) PC bilayer has a distribution of
mass that is shifted toward the bilayer aqueous interface
would imply bending of the DHA acyl chain. In such a
process, it is possible that the terminal methyl group can be
located somewhere in vicinity of the polar region of the
bilayer. The findings of the study presented here suggest
CPZ bound to the phosphate of 1-stearoyl-2-docosahexenoyl
phosphatidylserine will slow down and partially inhibit such
a DHA acyl chain movement in a bilayer. This would affect
the area occupied by a SDPS molecule (in the bilayer) and
probably the thickness of the bilayer where SDPS molecules
reside as well. It is quite likely that such CPZ caused
changes can affect the function of proteins embedded in the
bilayer.
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DMPC,  1,  2‐Dimyristoyl‐sn‐Glycerol‐3‐Phosphatidylcholine;  DSPC,  1,  2‐
Distearoyl‐sn‐Glycerol‐3‐Phosphatidylcholine;  PC,  Phosphatidylcholine;  PS, 




thiophenecarboxylic  acid, methyl  ester  hydrochloride,  is  a  local  anaesthetic 






crystalline  phase‐transition  temperature  demonstrates  substantial  articaine 
interaction with this bilayer. 
A DSPC  bilayer  contains  a  large  hydrophobic  core  and  the  13C  and  31P NMR 
spectra of the 40 mol% articaine−containing sample demonstrate a disturbance 
in  the molecular  packing  of  the  polar  bilayer  region  that  extends  into  the 
hydrophobic region, evidenced by carbon 2 and 3 of the stearoyl acyl chains. 












transport  that  creates  the action potential of axons  (Butterworth and Strichartz, 
1990).  Other  membrane  proteins  are  also  targets  of  local  anesthetics 
(Papahadjoupoulos et al., 1975; Tanaka and Hidaka, 1981; Vanderkooi and Adade, 1986; 
Arias  et  al.,  1990;  Bräu  et  al.,  1995;  Hollman  et  al.,  2001)  and  the  packing  of 
phospholipids in biological bilayers is perturbed by these compounds (Boulanger 
et al., 1981; Auger et al., 1990; de Paula and Schreier, 1995; Pinto et al., 2000) with  a 
possible  change  in  membrane  protein  structure  and  function.  Thus, 
perturbation  of  phospholipid  packing  in  bilayers  is  intimately  tied  to  a 
compound’s  anesthetic effect.  In  general, depression of bilayer  gel‐to‐liquid‐
crystalline phase‐transition temperature by local anesthetics has been found to 
correlate  with  the  hydrophobicity  of  the  anesthetic  (Gupta,  1991;  Hata  et  al., 
2000a). The hemolytic effect of several local anesthetics on rat erythrocytes has 
been found to be greatly influenced by the uncharged species, even at a pH of 
7.4,  where  there  is  a  predominance  of  the  positively  charged  species, 
indicating  that  the disrupting effect on  the erythrocyte membranes  is mainly 
due to hydrophobic interactions (Malheiros et al., 2004). 
Articaine  hydrochloride,  4‐methyl‐3(2‐[propylamino]propionamido)‐2‐
thiophenecarboxylic  acid, methyl  ester  hydrochloride  (Scheme  1),  is  a  local 
anesthetic  commonly  used  in  dentistry  (Malamed  et  al.,  2000a,  2001),  and  is 
classified  as  an  amide  local  anesthetic.  However,  unlike  many  other  local 
anesthetics, a  thiophene group  increases articaine’s  liposolubility  (Malamed et 
al., 2000b), and ability to penetrate the nerve sheath.  In contrast to most  local 
anesthetics,  articaine  contains  an  ester  linkage  that  causes  articaine  to  be 
hydrolyzed  by  plasma  esterase  (Vree  et  al.,  1988;  Grossmann  et  al.,  2004)  to 
articainic  acid.  In  studies  of  local  anesthetics  interacting  with  model 
membranes,  several  methods  have  been  employed,  such  as  fluorescence 
spectroscopy  (Westman  et  al.,  1982;  Fraceto  et  al.,  2002),  infrared  spectroscopy 
(Fraceto  et  al.,  2002;  Suwalsky  et  al.,  2002),  X‐ray  diffraction  (Coster  et  al.,  1981; 










pH  of  10.0  where  more  than  99%  of  the  articaine  molecules  are  in  the 




The hydrophobicity of articaine, and thereby  its potential  for  interaction with 
the hydrophobic part of the phospholipid bilayer  (articaine’s  lipophilicity) can 
be  evaluated  by  the  corresponding  octanol/water  partition  coefficient.  An 
octanol/water partition coefficient of 257 has been found for articaine and this 
high  articaine  preference  for  octanol  over water was  furthermore  found  to 
correlate well with articaine binding to isolated guinea pig atria tissue (Lüllman 
et  al.,  1980).  Thus,  more  than  99%  of  the  articaine  added  to  the  DSPC 
phospholipid  samples  used  in  this  study  will  prefer  the  hydrophobic 
environment  provided  by  the  phospholipid  bilayer  and  only  a  negligible 
fraction will prefer the water phase. 
An amphiphilic compound like articaine will, depending on pH, have an ionic or 
nonionic  polar  moiety  and  a  hydrophobic  part.  In  an  aqueous  medium, 
amphiphilic molecules  are  able  to  organize  themselves  as micelles,  bilayers, 
monolayers,  hexagonal  or  cubic  phases.  Thus,  it  is  likely  that  at  certain 
conditions,  e.g.  concentration,  an  amphiphile  like  articaine  can  form  self‐
aggregated structures. This has been observed for other  local anesthetics  like 




In  the  present  study,  the  DSPC  phospholipid  bilayer  was  prepared  at  four 
different molar ratios of articaine, 10, 25, 40, and 55 mol%, respectively. In the 
clinic,  a  4  %  articaine  solution  is  used  (Malamed  et  al.,  2000),  and  both  the 
water/lipid partitioning coefficient of local anesthetics (Malheiros et al., 2004) and 
the amount of bilayers  in myelinized nervous  fibers ensures that the  injected 
anesthetic will  reside  in  the  bilayer.  In  addition  to  study  the  interaction  of 
articaine with the DSPC bilayer, the experiments can also provide  information 











The  sample  of  dry  powder was  then  suspended  in  degassed  distilled water. 
Subsequently, the lipid suspension of DSPC was divided into eight equi‐amount 
samples  and  to  four,  the  appropriate  amounts  of  articaine  (dissolved  in 
degassed distilled water) were added  to obtain  four bilayer  samples with an 
articaine molar ratio of 10, 25, 40 and 55 mol%, respectively. The suspensions 
contained multilamellar  liposomes and unilamellar systems were obtained by 
freeze−thawing  nine  times.  This  sample  preparation  procedure  gives  large 












At  the  freeze−thawing  stage,  one  of  the  pure  DSPC  samples  and  all 
articaine−containing samples were adjusted to a pH of 10.0 by adding a small 
amount of 0.05 M NaOH, and the remaining sample of the pure DSPC bilayer 





as  two  pure  DSPC  samples  of  pH  values  of  7.4  and  10.0.  All  samples were 





and  the  samples were equilibrated at 60    for another 48 hours  (above  the 





and  using  ZrO2  rotors with  a  diameter  of  4 mm.  These  rotors  (and  lids)  are 
guaranteed  by  the  manufacturer  (Bruker)  for  use  up  to  50  .  Above  this 
temperature,  we  have  experienced  that  the  lid may  come  off  during  NMR 
acquisition,  especially  overnight  (13C)  NMR  experiments.  Experiments  were 
done at a sample temperature of 44   with sample spinning rate of 2 kHz. The 
experiments of this study were carried out with high‐power proton decoupling 




each  experiment, with  the  exception  of  the  experiments  on  pure  articaine, 




31P  experiments  were  carried  out  on  a  Bruker  500  MHz  Ultrashield  Plus 
instrument  and  on  a  Bruker  AVANCE  DMX  400  instrument.  Magic‐angle 
spinning 31P experiments were carried out at 161.98 MHz with a rotor spinning 
rate  of  1.5,  2,  and  3  kHz,  respectively.  Typically,  1024  transients  with  a 
relaxation delay of four seconds between transients were accumulated at 44  
and  57  ,  and  Fourier  transformed  without  apodization  in  order  to  keep 
spectral  resolution. The majority of  the static  31P spectra were carried out at 






delay of  five  seconds between  transients  and  the probe‐head was  a  flat‐coil 
(shown  in  Figure  3‐panel  B).  All  31P  experiments  were  acquired  with  high‐
power decoupling during acquisition, i.e. without NOE. The static 31P fids were 
multiplied with an exponential window function increasing the linewidth by 50 


















change  in  chemical  shifts  upon  increased  sample  acidity.  In  a  13C MASNMR 
spectrum of dipalmitoylphosphatidylcholine (DMPC) bilayer at pH of 7.4 (data 
not  shown)  acquired  at  44   (above  DMPC’s  Tm  of  34 ),  the  70%/30% 





the  resonance  at ~170  ppm,  see  top  spectrum.  The  left‐most  resonance  in 
Figure 1‐b and Figure 1‐c, is the carbonyl resonance of DSPC. In order to study 
the interaction of the neutral and most potent articaine species with the DSPC 
bilayer,  and  at  the  same  time  avoid  drawbacks  due  to  the  presence  of  two 
articaine  species  in  the  sample,  a  sample  pH  of  10.0  was  chosen  for  the 
articaine  interaction  study with  the  DSPC  bilayer.  Figure  2‐top,  shows  a  13C 
MASNMR spectrum of DSPC at pH of 7.4, note that the spectral region without 
resonances,  76−170  ppm,  is  omitted  in  the  spectrum  and  that  the  DSPC 
molecule  is displayed on top of the spectrum. The corresponding spectrum of 
DSPC at a sample pH of 10.0 is displayed in Figure 2‐bottom. Some resonances 








takes  place  at  a  pH  of  10.0  are  visible  in  the  glycerol/headgroup  region. 
Whereas,  the hydrophobic part of  the bilayer,  reported by  the  resonances  in 
the  14−36  ppm  region  displays  no  changes  due  to  the  high  pH.  A  further 
documentation of alterations  in the polar region of the bilayer  is found  in the 
31P static NMR spectra displayed in Figure 3. In Figure 3‐A, all four spectra are 
acquired on  samples with  a pH of 10.0. The  two  spectra  in  the  top  row  are 




mol% articaine at 42  ), 68 ppm  in  lower  left spectrum  (pure DSPC at 57  ) 
and  60  ppm  in  lower  right  spectrum  (DSPC/40  mol%  articaine  at  57  ). 










top  row).  The  corresponding  increase  in  mobility  of  the  phospholipid 
phosphorous  atom  causing  the  reduction  in  the  observed  CSA  is  most 
pronounced at a pH of 10.0 and 42  . Furthermore, at a sample pH of 10.0 and 
in presence of 40 mol% articaine a small fraction of the phospholipids will be 
highly  mobile  and  give  rise  to  an  isotropic  lipid  phase  (Figure  3‐A,  right 
column). The  isotropic peak  in  the  two spectra at pH of 10.0  (Figure 3‐A,  left 




(   in  Figure  4)  displays  a  sudden  drop  at  the DSPC’s  gel‐to‐liquid‐crystalline 
C. Song et al. 
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phase‐transition  temperature  of  56 .  CSA  values  of  DSPC  bilayer  with  10 
mol% articaine (  in Figure 4) and 40 mol% articaine (   in Figure 4) display a 
bilayer phase transition temperature of 52   and 48  , respectively. The DSPC 
bilayer samples with articaine contents of 25 and 55 mol%, show gel‐to‐liquid‐
crystalline  phase‐transition  temperatures  of  48  and  46  ,  respectively  (data 
not shown). Thus, the observed concentration−dependent reduction in bilayer 
gel‐to‐liquid‐crystalline  phase‐transition  temperature  demonstrates  articaine 
interaction with the DSPC bilayer. 
Figure 5 shows 31P MASNMR spectra of DSPC bilayer without (Figure 5‐a) and 
with 10−55 mol% articaine  (Figure 5, b−e) at  samples  temperatures of 44   




articaine  (Figure 5‐b), and  three central band peaks  in DSPC samples with 25 
(Figure 5‐c) and 40 mol%  (Figure 5‐d) articaine, whereas  two  such peaks are 
found  in spectra of DSPC with 55 mol%  (Figure 5‐e) articaine.  In general,  the 
central band peaks caused by the presence of articaine demonstrate chemical 
environments  for  the phospholipid phosphate‐group  that are due  interaction 
with the anesthetic. The change in spectra of Figure 5 when articaine content is 
increased from 40 mol% (Figure 5‐d) to 55 mol% (Figure 5‐e) shows a reduction 







bilayer  at  pH  of  10.0.  The  resonance  at ~175.9  ppm  in  spectrum  shown  in 
Figure 6‐a, disappears with 10 mol% articaine, suggesting that the pH related 
disturbance  of  the  DSPC  bilayer  is  located mainly  to  the  polar  region.  The 





of  the  DSPC  bilayer  appears  to  be  severely  affected  in  that  the  articaine 
carboxyl resonance appears at ~178.8 ppm and two other (carboxyl) peaks are 
found  at ~ 174.7  and ~ 175.3  ppm  (Figure  6‐d).  The  articaine  carboxyl 
resonance  at  40 mol%  articaine  in  the  DSPC  bilayer  demonstrates  that  the 




polar region  is found  in the 13C MASNMR spectra  in Figure 7 showing spectral 
region 47−73 ppm of pure DSPC  in spectrum a, 25 mol% articaine‐containing 




Articaine  resonances are present  in spectra of Figure 7‐b,  ‐c and  ‐d at ~58.5, 
~52.2, ~49.9 and ~49.5 ppm, respectively. 
Evidence  for  articaine  influence  on  phospholipid  packing  in DSPC  bilayer  (at 
pH=10.0) hydrophobic  region  is  found when comparing  13C MASNMR spectra 
shown  in Figure 8. Spectrum of pure DSPC shown  in Figure 8‐a, DSPC with 40 




that can be assigned  to carbon 2 of  the stearoyl acyl chain, and similarly  the 
two  resonances  assigned  to  carbon  3,  suggest  conversion  between  two 
mesomorphic  lipid  states  at  a  rate  slower  than  the  NMR  timescale. 
Furthermore, smaller articaine resonances are present at ~20.0, ~16.8, ~11.5 
and ~11.0  ppm. As  demonstrated  in  Figure  8‐c,  the  large molecular  packing 
effect on the phospholipids by the 40 mol % articaine (Figure 8‐b) is reduced in 




containing  sample  (Figure  8‐b).  Accompanying  these  spectral  changes  is  a 
marked reduction  in articaine resonances (marked with  ‘#’  in Figure 8‐c) even 
though the total articaine molar ratio  increases  from 40 mol%  (Figure 8‐b) to 
55 mol% (Figure 8‐c). The broad resonances only present in spectrum of the 55 
mol% DSPC  sample  (indicated by arrows  in  Figure 8‐c)  could  very well  come 
from self‐aggregated articaine molecules, such an  interpretation  is supported 
by the observed reduction  in signal  intensity of articaine resonances  (marked 
with ‘#’ in Figure 8‐c) as articaine mol% is increased from 40 to 55. 
4. DISCUSSION 
Our  samples  contain  phospholipids  hydrated with ~32 water molecules  per 
phospholipids i.e. without bulk water present the amount of articaine that can 
be accommodated  in  the bilayer  can be  followed  in  the NMR  spectra of our 
samples with 10, 25, 40 and 55 mol% articaine. Thus, the absence of bulk water 
in  our  samples  makes  a  lipid  (or  octanol)/water  partition  coefficient  not 
directly  applicable.  Apparently,  an  articaine molar  ratio  of  55  is  above  the 





that  an eventual  free  carboxylic  acid  carbon  resonance would  appear  in  the 
carbonyl chemical  shift  region  (Figure 6), and would  increase with  increasing 
articaine molar ratio as well as show a narrow  line‐shape compared with  the 
other  resonances  due  to  the  high mobility  of  a  small molecule.  No  carbon 
resonance with these characteristics can be found in our spectra (Figure 6). The 
uncharged  articaine  concentration−dependent  reduction  in  the DSPC  bilayer 
gel‐to‐liquid‐crystalline phase‐transition temperature demonstrates substantial 
articaine  interaction with  this bilayer.  In  general, depression of  gel‐to‐liquid‐
crystalline phase‐transition temperature by local anesthetics has been found to 
correlate with  the  anesthetic  hydrophobicity  (Malheiros et  al., 2004). However, 
hydrophobicity  of  the  anesthetic  as well  as  steric  effects  in  the  anesthetic− 
C. Song et al. 
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phospholipid  interaction  will  determine  the  preferential  positioning  of  the 
anesthetic  in  the  bilayer  (Fraceto  et  al.,  2005).  The  importance  of  articaine 
hydrophobicity  can  be  seen  when  comparing  the  13C  MASNMR  spectra  of 
DMPC/40 mol% articaine at a pH of 7.4  (Figure 1‐bottom) with  that DSPC/40 
mol% articaine at a pH of 10.0 (Figure 6‐d). Articaine carboxyl group interaction 
with  the  PC  bilayer  appears  to  be  substantial  at  a  sample  pH  of  10.0, with 
uncharged  articaine,  and  not  present/minor  at  a  sample  pH  of  7.4.  A DSPC 
bilayer contains a large hydrophobic core and the NMR spectra of the 40 mol% 
articaine−containing sample demonstrate a large disturbance in the molecular 
packing of  the polar bilayer  region  that extends  into  the hydrophobic  region, 
evidenced by  carbon  2  and  3 of  the  acyl  chains. Observed  31P  and  13C NMR 
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122−178  ppm.  a:  Spectrum  of  articaine  (with  15  wt%  D2O)  with  assigned 
resonances of carboxyl (O−C O) and carbonyl (C O) group, see Scheme 1. b: 
Spectrum of DSPC and 40 mol% articaine at a sample pH of 7.4. c: Spectrum of 
DSPC  and  40  mol%  articaine  at  a  sample  pH  of  5.0.  Articaine  resonances 
labeled with an asterisk ‘*’ are resonances that change chemical shifts upon a 
decrease in pH from 7.4 to 5.0. See the text for details. 
Figure 2.  13C MASNMR  spectra, acquired at 44  , displaying  spectral  regions 
from  12−76  ppm,  and  170−178  ppm.  On  top  of  the  figure,  the  molecular 
structure  of  DSPC  with  corresponding  spectral  assignment  letters.  Top: 
Spectrum  of DSPC  at  a  pH  of  7.4, where  resonances  labelled with  numbers 
identify  the  acyl  chain  carbons  and  capital  letters  identify  glycerol  and 




42   (top row) and at 57    (lower row). The two spectra of the  left column 
are  of  pure  DSPC.  The  corresponding  two  spectra  of  the  right  column  are 
acquired  on  DSPC  with  40 mol%  articaine.  The  asterisk  ‘*’  in  right  column 
spectra denotes an isotropic phase resonance. Panel B: Static 31P NMR spectra 
acquired at a sample pH of 7.4 at 42    (top row) and at 57  (lower row). The 
two  spectra  of  the  left  column  are  of  pure  DSPC.  The  corresponding  two 
spectra of the right column are acquired on DSPC with 40 mol% articaine. See 
the text for details. 
Figure  4.  31P  chemical  shift  anisotropy  (CSA,  in  ppm)  from  42−57/60 , 
pH 10.0,  :  DSPC  (42−60  ),  :  DSPC/10  mol%  articaine  (42−57  ),  : 
DSPC/40 mol% articaine (42−57  ). 




temperatures below (44  ),  left column, and above (57  ), right column, the 
gel‐to‐liquid‐crystalline  phase‐transition  temperatures  of  DSPC  with/without 





from  top  to  bottom.  In  spectrum  d,  the  resonance  labeled  ‘†’  denotes  the 











Figure 8. Acyl chain carbon  resonance  in  regions, 9−27 ppm, and 34−37 ppm 
(main acyl  chain peak not  shown), of a: pure DSPC  sample; b: DSPC with 40 
mol% articaine; and c: DSPC with 55 mol% articaine. Resonances  labeled with 
‘†’  denote  new DSPC  resonances when  articaine  is  present,  and  resonances 
labelled with ‘#’ denote articaine resonances.  Arrows point at broad articaine 
















































































































































































































































DPPC,  1,2‐Dipalmitoyl‐sn‐Glycerol‐3‐Phosphatidylcholine;  DPPS,  1,2‐ 






Olanzapine  (OLZ),  a  thienobenzodiazepine  derivative,  widely  used  as  an 
antipsychotic  agent  has  been  studied  with  13C  and  31P  solid‐state  NMR 








neutral  and  a  positively  charged  form  of  OLZ  are  present.  31P  MASNMR 
experiments  show  two  new  31P  resonances  both  for  the  PS  and  the  PC 
phosphorous  in  presence  of  OLZ.  Static  31P  NMR  spectra  demonstrate  a 
substantial decrease  in chemical shift anisotropy  (CSA) of  the OLZ−containing 
bilayer.  The  corresponding  increased  phospholipid  headgroup  mobilities 
producing  such  a  reduction  in CSA  could  very well  lead  to  a  changed  lateral 
phospholipid  organization  of  the  bilayer.  This  is  supported  by  31P MASNMR 







Olanzapine  (OLZ,  see  Scheme  1),  a  relatively  new  thienobenzodiazepine 
derivative, is widely used as an antipsychotic agent and has become one of the 
most commonly used atypical antipsychotics [1] with antagonism of dopamine 





to  its broad efficacy  in  the  treatment of schizophrenia and  related psychoses 
[9−12].  However,  in  therapeutic  concentrations  OLZ  affects  other  cellular 
responses,  like  inhibition  of  the  integral  membrane  protein  that  acts 
specifically  on  phosphatidylcholine  [13],  phospholipase  D  (PLD),  elevation  of 
serum creatine kinase (CK) level [14], the latter effect may cause or induce cell 
membrane  damage.  Furthermore,  OLZ  is  found  to  elevate  apolipoprotein‐D 
(apoD)  levels  [15].  Thus, OLZ  can  interfere with  phospholipid metabolism,  in 
that  apoD  binds  to  arachidonic  acid  (AA)  and  cholesterol  [16−18].  Recently, 
Parikh et al.  [19]  found that OLZ prevented  loss of antioxidant enzymes  in rat 
brain. Evans et al. [20] indicated that reduced levels of antioxidant enzymes can 
be  associated  with  increased  plasma  lipid  peroxides  and  reduced  level  of 
essential  polyunsaturated  fatty  acids  (EPUFA)  in membranes,  omega‐3  fatty 
acids  in  particular.  Studies  in  rats  have  shown  that  atypical  antipsychotic 
agents  (olanzapine,  clozapine,  and  risperidone)  have  antioxidant  effects  and 
reduce  lipid  peroxidation  [21,22],  affecting membrane  5‐HT2  receptor  affinity 
[23]. Furthermore, OLZ, clozapine and risperidone were  found to  improve  the 
levels  of  erythrocyte  EPUFAs  [24],  possibly  a  contributing  effect  in  the 




requires  glycerophospholipids  for  activity  and  gives  far  higher  activity  with 
phosphatidylcholine  than  phosphatidylethanolamine  or  phosphatidylserine, 
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and maximal  activity with  phosphatidylcholine  is  obtained with  short  chain 
acyls while  hexadecanoyl‐  and  octadecanoyl‐  containing  phosphatidylcholine 
gave no activation [27]. Furthermore, the activity of phospholipase A2 (PLA2) is 
highly  dependent  on  the  structure  of  its membrane  substrate  [28,  29],  and 
subtle variations in the acyl composition substantially affect the physical state 
of  the  substrates  and  thereby  the  activity of  cytochrome b5  reconstituted  in 
phosphatidylcholine  liposomes  [30],  this  is  also  shown  in  P‐glycoprotein  [31] 
and opioid receptor [32]. Anionic glycerophospholipids determine the topology, 
and  hence  activity,  of  membrane  proteins  in  general  [33],  and  these 
phospholipids  alter  the  structure  of  human  recombinant  prion  protein 
associated  with  membranes  in  living  cells  [34].  The  nicotinic  acetylcholine 
receptor  in  reconstituted membranes  from  egg  phosphatidylcholine  and  di‐
oleoyl  phosphatidylacid  has  been  found  to  be  affected  by  variations  in 
cholesterol  content  (which  changes membrane  fluidity) and  its  conformation 
altered  to  inactive  and desensitized  forms  [35].  For  the  reconstitution of  the 
dopaminergic  receptor  (D2),  phosphatidylserine  is  particularly  important,  in 
that a lipid composition of phosphatidylcholine, phosphatidylethanolamine and 
phosphatidylserine  will  almost  fully  restore  the  receptor  binding,  which  is 
about six‐fold higher than in a phospholipid bilayer without phosphatidylserine 
species. Thus, depletion of phosphatidylserine from bilayers with dopamine D2‐
receptor weaken the  ligand affinity  [36].  Influence of bilayer  lipid composition 
on membrane protein activities has recently been reviewed by Lee [37]. 
The above observations indicate that the activity of membrane‐bound proteins 
bound  to  lipid  bilayers  can  be  influenced  by  changes  in  phospholipid 
composition of the bilayer. Therefore,  it  is  likely that perturbation of the  lipid 
bilayer by amphiphilic OLZ molecules could  influence the activity or catalyzed 
processes of bilayer‐bound proteins, even without direct  interaction between 
the  protein  and  the  amphiphile.  Thus,  some  of  the  effects  of  OLZ  on 
dopaminergic receptors can be due to OLZ perturbation of the lipid bilayer that 
contains the receptor. The effects of OLZ on processes taking place in biological 
membranes  are  scarcely  investigated.  This  is  contrasted  by  the  typical 
antipsychotic  agent  chlorpromazine  (CPZ),  that  has  prompted  several 





In  the  present  study,  13C  [43]  and  31P  [44]  solid‐state NMR  techniques were 
employed  to  study  the  interaction  of  10 mol% OLZ  on  a  DPPC  (60%)/POPS 
(40%)  bilayer  at  two  hydrations,  at  36  and  at  50 wt.% H2O,  as well  as  on  a 
bilayer with fully saturated acyl chains, a DPPC (60%)/DPPS (40%) bilayer at a 
hydration  of  36 wt.% H2O. All  samples were  pH  adjusted  to  7.4  in  order  to 
ensure  that  the  serine  headgroup  carboxyl  group was  deprotonated  (pKa  of 
4.4).  The  current  study  is  aimed  at molecular mechanisms  involved  in  the 
interaction of  the  amphiphilic drug OLZ  interacting with phospholipid model 
membranes. Previously, we have carried out NMR studies on the interaction of 
chlorpromazine with model membranes at  two different hydrations, with 36 
wt.% H2O  [41]  and even  a  lower water  content of 15 wt.% H2O  (12 H2O per 
phospholipid) [42]. The water content  is found to  influence CPZ  interdigitation 
in phospholipids bilayers, suggesting that structural and dynamic properties of 
the  bilayer  change with  hydration.  Furthermore,  in  a  previous  study  in  our 
laboratory of a DPPC  (60%)/SDPS  (40%) bilayer using 36 wt.% H2O  (30 water 
molecules per lipid molecule), certain spinning sideband resonances were mis‐
assigned to be due to phospholipid domain formation. Without consequences 
for the evidences  indicating domain  formation  in that previous study  [45], we 
clarify  this  by  comparing  a  DPPC/POPS  bilayer  system  at  two  different 
hydrations. 
A PC (60%)/PS (40%) sample composition can be expected to be fully miscible 
in  that  phase  diagrams  for  DMPC−DMPS  [46]  and  DEPC−DEPS  [47] mixtures 
were  found  highly miscible  in  both  the  gel  and  liquid‐crystalline  phases  in 
presence of only monovalent cations. However, in presence of 30 mM calcium 









Olanzapine  (OLZ, powder) was obtained  from SynFine Research  Inc.  (Ontario, 
Canada),  synthetic  1,2‐Dipalmitoyl‐sn‐Glycero‐3‐Phosphatidylcholine  (DPPC, 
lyophilized powder) and synthetic 1‐Palmitoyl‐2‐Oleoyl‐sn‐Glycero‐3‐[Phospho‐
L‐Serine]  (POPS,  lyophilized powder) were purchased  from Avanti Polar Lipids 
Inc.  (Birmingham,  Alabaster,  AL,  USA),  synthetic  1,2‐Dipalmitoyl‐sn‐Glycero‐
[Phospho‐L‐Serine] (DPPS, powder) was obtained from Sigma Chemical Co. (St. 





The  desired  amounts  of  DPPC  and  POPS  phospholipid  bilayers  containing 
choline and serine headgroups were weighed  into a plastic tube with a molar 




of  dry  powder  was  then  suspended  in  degassed  distilled  water,  and  the 
calculated amount of sodium perchlorate salt (NaClO4) was added (equi‐molar 
to  the  serine  headgroups  of  POPS).  Subsequently,  the  lipid  suspension  of 
DPPC/POPS  was  divided  into  two  equi‐amount  parts,  and  the  appropriate 
amount of OLZ (dissolved in degassed distilled water) was added to obtain the 
bilayer  sample  DPPC/POPS/OLZ  with  an  OLZ  content  of  10  mol%.  The 
suspensions contained multilamellar  liposomes and unilamellar systems were 
obtained  by  ten  freeze‐thawing  cycles  from  −196  to  22  .  At  the  freeze‐
thawing  stage, both  samples were adjusted  to a pH of 7.4 by adding a  small 




(36%)  and  OLZ  (10%)  was  obtained  as  well  as  the  corresponding  sample 
without OLZ  (PC  (60%), PS  (40%)). Subsequently,  the samples were subjected 
to  24−hours  of  lyophilization  giving  partially  hydrated  liposomes  with  a 
hydration  level of 12 water molecules per  lipid molecule  (determined by  1H‐
MASNMR). The appropriate amount of degassed distilled water was added to 
the  each  sample  to  obtain  hydrated  bilayers with  50 wt.% H2O  followed  by 






hydrated  DPPC/POPS  sample  (described  above),  except  that  no  sodium 
perchlorate salt (NaClO4) was added, and after the 24−hours of  lyophilization, 




The  preparation  procedure  of  this  sample was  the  same  as  for  the  partially 
hydrated  DPPC  (60%)/POPS  (40%)  and  DPPC  (54%)/POPS  (36%)/OLZ  (10%) 












In  this  study,  experiments  were  carried  out  with  a  relaxation  delay  of  six 
seconds between transients, and a total of 16384 transients were accumulated 
for  each  experiment.  The  fids were multiplied with  an  exponential window 
function  increasing  the  linewidth  by  2  Hz  to  reduce  noise  prior  to  Fourier 
transformation. 
13C  spin‐lattice  relaxation  time  constants  (T1)  were  obtained  by  a modified 









31P  experiments  were  carried  out  at  202.47  MHz  on  a  Bruker  500  MHz 
Ultrashield Plus instrument. Magic angle spinning 31P experiments were carried 
out  with  a  rotor  spinning  rate  of  2  kHz.  Typically,  2048  transients  with  a 
relaxation delay of  five seconds between  transients were accumulated at  the 
various  temperatures  ranging  from  23     to  43  ,  and  Fourier  transformed 
without apodization in order to keep spectral resolution. 
Static  31P  spectra were  acquired on  these bilayer  samples  at 27   and 43   
with  high‐power  decoupling  during  acquisition,  i.e.  without  NOE.  Typically, 
2048 transients were collected for each experiment with a relaxation delay of 
six seconds between transients. These fids were multiplied with an exponential 
window  function  increasing  the  linewidth  by  50 Hz  to  reduce  noise  prior  to 
Fourier transformation. 
31P relaxation data were obtained by employing the same pulse program as for 
13C  T1  measurements  at  temperatures  of  23−43
   and  with  rotor  spinning 
speed  of  2  kHz.  A  31P‐NMR 90°pulse  was  approximately  4−5  μs  and  the 







bilayer  samples  DPPC  (60%)/DPPS  (40%)  and  Figure  1‐bottom  shows  the 
corresponding  spectrum  of  DPPC  (54%)/DPPS  (36%)/OLZ  (10%)  at  a  sample 
temperature  of  43  .  Figure  1  displays  spectral  regions  12−74  ppm  and 
170−180 ppm as well as  the molecular  structures of  the phospholipids DPPC 
and  DPPS  with  capital  letters  next  to  glycerol  and  headgroup  carbons 
corresponding  to  resonance  assignments  in  spectrum  of  Figure  1‐top. 
Furthermore, in spectrum of Figure 1‐top, the acyl chain sp3 carbon resonances 
in  the  12−38  ppm  region  are  assigned.  Similarly,  in  the  52−74  ppm  spectral 
region  [49,50]  the  phospholipid  choline  headgroup  carbons  resonances  are 
labeled G, H and I, the serine headgroup carbons resonances are labeled D and 
E and  the glycerol moiety carbons  resonances are  labeled A, B and C.  In  the 
169−180 ppm spectral region of Figure 1‐top, the carbonyl resonance is labeled 






of  PC/PS  in  the  sample  giving  a  peak  ratio  of  1.5  between  carbonyl  and 
carboxyl resonances. Furthermore, OLZ affects  the chemical shift of  the main 
DPPS  carboxyl  carbon  resonance  (see Figure 1‐top,  resonance F),  in  that  this 
resonance  shifts  to higher ppm  values by 0.38 ppm  in presence of OLZ  (see 
Figure  1‐bottom).  Additional  OLZ  caused  changes  of  serine  headgroup 
resonances are  found  in  the pronounced  intensity  reductions of  resonance D 
and E, compare Figure 1‐top and Figure 1‐bottom (spectral region 52−74 ppm). 
For  the  DPPC  and  DPPS  acyl  chain  sp3  carbon  resonances  (in  12−38  ppm), 
several small resonances at unusual chemical shift values are present in the top 













shows  the  chemical  structure  of  OLZ,  with  the  corresponding  assignment 
numbers used in the bottom spectrum (in brackets). 
In order to investigate OLZ interaction with PC/PS bilayer and the influence of 




at  43  .  Figure  2  displays  the  12−74  ppm  spectral  region  as  well  as  the 
molecular structure of the POPS molecule together with capital letters next to 





of  Figure  2‐c.  The  palmitic  acyl  chain  contributes  80%  to  the  resonance 
intensities of spectra in Figure 2‐a, ‐b and ‐c, and these are assigned in Figure 2‐
b,  as well  as  resonances  8  and  11  of  the  oleic  acyl  chain.  (The  oleoyl  chain 
carbon  resonances 9 and 10,  labelled  in  the POPS  structure on Figure 2, are 
presented in Figure 4, see later). The molar composition of the bilayer system 
gives  a  PC/PS  peak  ratio  of  1.5,  this  is  confirmed  in  Figure  2‐b,  54−74  ppm 
spectral region. 
Comparison of  the DPPC  (60%)/POPS  (40%)/36 wt.% H2O  sample  (Figure 2‐a) 
and  the  DPPC  (60%)/POPS  (40%)/50  wt.%  H2O  sample  (Figure  2‐b),  the 
C. Song et al. 
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disappearance  of  spinning  sidebands  (labelled  as  ‘SSB’  in  Figure  2‐a)  in 
spectrum of 50 wt.% H2O bilayer sample demonstrating higher mobility of the 
phospholipids  in  fully hydrated bilayer  (Figure 2‐b). This  is also evident  from 
the narrow  lineshapes of some resonances of the  fully hydrated bilayer, such 
as the internal methylene (CH2)n. In Figure 2‐a (partially hydrated sample) four 
resonances  in  the  acyl  chain  region  are  labelled  with  a  dagger  ‘†’,  these 
resonances could be due to molecular packing effects in the DPPC (60%)/POPS 
(40%)  bilayer  possibly  due  to  existence  of  phospholipids microdomains  [47]. 
Increasing  the hydration of  the bilayer  (from 36 wt.% H2O  to 50 wt.% H2O), 
causes the resonances labelled with a dagger ‘†’ in Figure 2‐a, to disappear, see 
Figure 2‐b. 
Figure  3  displays  13C MASNMR  spectra  of  bilayer  samples DPPC  (60%)/POPS 
(40%)  (36 wt.% H2O)  in Figure 3‐a, DPPC  (60%)/POPS  (40%)  (50 wt.% H2O)  in 
Figure  3‐b,  as well  as  fully  hydrated DPPC  (54%)/POPS  (36%)/OLZ  (10%)  (50 




be  seen  in  the  spectrum  of  Figure  3‐a,  where  three  identifiable  carbonyl 
resonances  are  present.  The  dagger  ‘†’  identifies  the  carbonyl  resonance 
caused by more  than one  form of molecular packing  at  36 wt.% H2O  in  the 
DPPC  (60%)/POPS  (40%)  bilayer.  A  comparison  of  the  serine  headgroup 
carboxyl F resonance, Figure 3‐b, with the OLZ−containing bilayer spectrum of 
Figure 3‐c, makes  it evident  that  the main part of  this  carboxyl  resonance  is 
shifted 5.80 ppm to higher ppm values (labelled with an asterisk ‘*’ in Figure 3‐
c). A similar effect can be found in spectra of DPPC (60%)/DPPS (40%) in Figure 
1‐top  and  its  counterpart  DPPC  (54%)/DPPS  (36%)/OLZ  (10%)  in  Figure  1‐
bottom i.e. in spectra of bilayers with saturated acyl chains. The corresponding 
changes  in  13C  T1  values  for both  carbonyl  resonances by  adding OLZ  to  the 
bilayer suggest reduced phospholipid mobility (see Table 1). Furthermore, the 
changes in the sn‐2 carbonyl chemical shift (see Figure 3) and T1 value (Table 1) 
strongly  suggest  phospholipid  conformational  changes  as well  as  changes  in 
the  chemical environment  for  the phospholipids due  to OLZ  interaction  [55]. 







Figure 4  shows  the 128−132 ppm  spectral  region of  13C MASNMR  spectra of 
bilayer  samples  DPPC  (60%)/POPS  (40%)  (36 wt.% H2O)  in  Figure  4‐a,  DPPC 
(60%)/POPS (40%) (50 wt.% H2O)  in Figure 4‐b, as well as fully hydrated DPPC 
(54%)/POPS  (36%)/OLZ  (10%)  (50  wt.%  H2O)  in  Figure  4‐c,  at  a  sample 
temperature  of  43  .  In  the  spectral  region  displayed  in  Figure  4,  the  C C 
resonances of the oleic acyl chain carbons 9 and 10 of samples DPPC/POPS and 
DPPC/POPS/OLZ are found, these are assigned in Figure 4‐b. Comparison of the 
C C  resonances  from  the  DPPC/POPS  samples  with  different  hydrations 
(spectra in Figure 4‐a and Figure 4‐b) shows no change in resonance intensities 
or  chemical  shifts.  However,  spectrum  in  Figure  4‐c  of  DPPC  (54%)/POPS 
(36%)/OLZ(10%)  the 50 wt.% H2O sample, display a  reduction of 0.16 ppm  in 
the chemical shift separation (Δδ) of carbon 9 and 10 resonances  in presence 
of OLZ (compare spectra in Figure 4‐b and ‐c). Furthermore, T1 values for these 
oleic  chain  carbons  9  and  10  (Table  1)  show  that  10  mol%  OLZ  in  the 
DPPC/POPS bilayer  increases  the T1  values  for  these  two C C  resonances  in 
that  carbon  9  experience  an  increase  in  T1  from  0.71  s  to  0.81  s  (14%)  and 
carbon 10 an increase in T1 from 0.60 s to 0.80 s (33%), see Table 1. The small 
broad  peak  at  128.78  ppm,  labelled  as  (2)  in  Figure  4‐c  is  an  OLZ  carbon 
resonance (see Scheme 1 for the assignment). 
Figure 5 displays the central band region of 31P MASNMR spectra acquired on 
bilayer  samples  DPPC  (60%)/POPS  (40%)  with  36  wt.%  H2O  (Figure  5,  left 
column), DPPC (60%)/POPS (40%) with 50 wt.% H2O (Figure 5, middle column) 
and  DPPC  (54%)/POPS  (36%)/OLZ  (10%)  with  50  wt.%  H2O  (Figure  5,  right 
column) at  temperatures 23−43   (top  row  to bottom  row).  In Figure 5,  the 
experimental  temperature  is  labelled  to  the  left of  the  three  spectra on  the 
same  row  in Figure 5  that are acquired at  the given  temperature. All spectra 
were obtained with a 2 kHz MAS  spinning  rate. The phosphatidylcholine and 





the  partially  hydrated  bilayer  are  labelled.  These  two  resonances  display  a 
chemical shift difference of 0.48 ppm, a value that correlates well with earlier 
findings  on  this  type  of  phospholipid  composition  as  well  as  with  similar 
bilayers [47]. In spectra of 50 wt.% H2O DPPC/POPS sample displayed in Figure 
5, middle column and bottom row, the corresponding chemical shift difference 
between  PS  and  PC  is  1.21  ppm.  Furthermore,  it  is  the  PS  phosphorous 
chemical shift that shows this sensitivity on increasing hydration from 36 wt.% 
(Figure  5,  left  column  and  bottom  row)  to  50  wt.%  H2O  (Figure  5, middle 
column and bottom  row). Existence of  several  lipid packing  conformations  is 
demonstrated  in  the  31P MASNMR  spectra  of  Figure  5, middle  column  and 
bottom row, in the somewhat broad appearance of the PS and PC resonances, 
even at 43   where the bilayer  is  in the  liquid‐crystalline state. This tendency 
of several lipid packing conformations is becoming more pronounced at lower 
temperatures where the bilayer is in the gel state, see Figure 5, middle column 
and  top  row,  at  a  sample  temperature  of  23   where  a  new  resonance 
appears in between the PS and PC resonances that are identified in the liquid‐






Comparing  spectrum  of  DPPC/POPS/OLZ  sample  shown  in  Figure  5,  right 
column and bottom row, i.e. at 43  , with corresponding spectrum of sample 
without OLZ  shown  in Figure 5, middle  column and bottom  row,  resonances 
labelled a−c and d−f (Figure 5, right column and bottom row) are PS and PC 31P 
resonances,  respectively.  Of  the  three  31P  resonances  attributed  to  PS, 
resonances a−c, the resonance labelled b is at the same chemical shift as the PS 
resonance  in spectrum without OLZ, see Figure 5, middle column and bottom 
row.  Similarly,  the  resonance  labelled  d  (Figure  5,  right  column  and  bottom 
row)  is at  the  same  chemical  shift as  the  resonance  labelled PC  in  spectrum 
without OLZ, see Figure 5, middle column and bottom row. Thus, the presence 







The  OLZ  affected  31P  resonances  a−c  of  PS  as  well  as  e  and  f  of  PC  are 




31P T1 values of the central band peaks displayed  in Figure 5,  listed  in Table 2, 
show  that  both  PS  and  PC  phosphorous mobilities  are  sensitive  to  sample 
temperature.   The  31P T1  values  for  all of  the phosphatidylserine  resonances 
decrease with  increasing  temperature,  indicating an  increase  in phosphorous 
mobility (slow motional regime, Scheme 2). This behaviour is contrasted by the 
OLZ−containing  sample, where  some  T1  values  increase  and  other  decrease 
with increasing temperature (fast motional regime, Scheme 2). The T1 value of 
the  peak  labelled  PC  of  the  50 wt.% H2O  sample  (Figure  5, middle  column) 
decreases from 1.04 s at 23   to 0.59 s at 35   and then increases to 0.74 s at 
39   and 0.78 s at 43  . The DPPC gel‐to‐liquid‐crystalline phase transition  is 
at  38−41   [58].  Comparison  of  the  31P  T1  values  of  the  two  DPPC/POPS 
samples with 36 wt.% H2O  and 50 wt.% H2O  (Table 2), demonstrates higher 
mobilities  for  both  phosphatidylserine  and  phosphatidylcholine  phosphorous 
at 50 wt.% H2O. 
Figure 6 shows static  31P spectra of samples DPPC  (60%)/POPS  (40%) with 36 
wt.% H2O (Figure 6‐a), DPPC (60%)/POPS (40%) with 50 wt.% H2O (Figure 6‐b) 
and DPPC (54%)/POPS (36%)/OLZ (10%) with 50 wt.% H2O (Figure 6‐c) spectra 
in  left column of Figure 6 at 27  , and spectra  in right column of Figure 6 at 
43 . The 31P CSA values of DPPC (60%)/POPS (40%) with 36 wt.% H2O (Figure 
6‐a) are 87 and 65 ppm at 27 and 43  , respectively. Higher hydration reduces 
the CSA values  in  that  the  31P CSA values of DPPC  (60%)/POPS  (40%) with 50 








OLZ  interdigitation of the bilayer, and that the OLZ  interaction with PS  is to a 
great extent caused by electrostatic attraction to the serine headgroup. 
The DPPC/DPPS bilayer  (Figure 1) displayed  substantial effects of OLZ on  the 
serine headgroup carbon resonances (D and E in Figure 1) and a smaller effect 
is  found  for  the  DPPC/POPS  bilayer  (Figure  2)  on  the  choline  headgroup 
resonances (G, H and I in Figure 1). 
The experiments of this study were carried out at a sample pH of 7.4 where a 





where  stabilization  appears  to  be  achieved  by  interactions  between  N‐
methylpiperazine moiety and the phenyl/thiophene systems [56]. Furthermore, 
OLZ  displays  polymorphism  and  can  form  both  dehydrated  and  hydrated 
dimers  in  the  solid‐state  [52].  Thus,  in  light  of  such  a  tendency  to  dimer‐
formation, it cannot be ruled out that some of the bilayer interaction of OLZ is 
carried out by OLZ−dimers. The  static  31P NMR  spectra presented  in Figure 6 
demonstrate a substantial decrease  in CSA of the OLZ−containing bilayer. The 
corresponding increased phospholipids headgroup mobilities producing such a 
CSA  reduction by presence of OLZ  could  very well  lead  to  a  changed  lateral 
phospholipid organization of the bilayer [57]. In fact, the 31P MASNMR spectra 
presented in Figure 5 indicate that imperfections in DPPC and POPS mixing (see 
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Scheme  1.  Molecular  structure  of  olanzapine  (OLZ)  with  corresponding 
assignment letters. 
Scheme  2. A  pictorial  representation  of  spin‐lattice  relaxation  time  constant 




bottom  spectrum:  DPPC  (54%)/DPPS  (36%)/OLZ  (10%),  displaying  spectral 
regions from 12−74 ppm, and 170−180 ppm. On the upper part of figure, the 
molecular structures of DPPC and DPPS with corresponding assignment letters 
shown.  In the top spectrum, the spinning sidebands are  labelled as  ‘SSB’, and 
the  resonances  marked  with  dagger  ‘†’  provide  the  evidence  of  the 
order−disorder exchange of the palmitic acyl chains.  In the bottom spectrum, 
peaks  labelled  with  the  asterisk  ‘*’  or  double  dagger  ‘‡’  denote  the  new 
resonance compared with the top spectrum, and the selected OLZ signals are 
indicated by the number(s) in the parenthesis. See the text for details. 




(spectrum  b),  and  DPPC  (54%)/POPS  (36%)/OLZ  (10%)  with  50  wt.%  H2O 
(spectrum c). On top of the figure the structural formula of POPS phospholipid 
is shown. Glycerol and phospholipid headgroup resonances are labelled A−I in 
spectrum b, where  the 12−38 ppm  region  is  labelled with  the palmitic  (16:0) 
acyl chain resonances of DPPC. In spectrum a, the resonances labelled with the 
dagger  ‘†’  denote  the  hydrophobic  mismatch  of  the  acyl  chains,  and  the 
spinning  sidebands  are  labelled  as  ‘SSB’.  In  spectrum  c,  resonances  labelled 





Figure  3.  Proton‐decoupled  13C MASNMR  spectra  acquired  at  316  K  (43 , 
above  the  main  phase  transition  temperature,  Tm):  carbonyl  and  carboxyl 
carbon  resonance  region  (171−179 ppm) of  samples DPPC  (60%)/POPS  (40%) 
with 36 wt.% H2O (spectrum a) and DPPC (60%)/POPS (40%) with 50 wt.% H2O 
(spectrum  b),  and  DPPC  (54%)/POPS  (36%)/OLZ  (10%)  with  50  wt.%  H2O 
(spectrum  c). The  two  carbonyl  (sn‐1  and  sn‐2)  and  carboxyl  resonances  are 
assigned in spectrum b, and the peak labelled with an asterisk ‘*’ in spectrum c 
indicates  the  new  carboxyl  resonance  compared  with  the  spectrum  b.  The 
molar  composition  (PC/PS  ratio)  makes  the  theoretical  ratio  between  the 
carbonyl  and  carboxyl  resonances  to  be  5,  the  13C  chemical  shift  values  of 
relevant peaks in this region listed at the bottom part of the figure. See the text 
for details. 
Figure  4.  Proton‐decoupled  13C MASNMR  spectra  acquired  at  316  K  (43 , 
above Tm): double bonded acyl chain carbon resonance region (128−132 ppm) 
of samples DPPC (60%)/POPS (40%) with 36 wt.% H2O (spectrum a) and DPPC 
(60%)/POPS  (40%)  with  50  wt.%  H2O  (spectrum  b),  and  DPPC  (54%)/POPS 
(36%)/OLZ (10%) with 50 wt.% H2O (spectrum c). The two carbons resonances 
are assigned  in spectrum b, and spectrum c, an OLZ signal  is  indicated by the 
number  in  the parenthesis. The  13C chemical shift values of relevant peaks  in 
this region listed at the bottom part of the figure. See the text for details. 
Figure  5.  31P MASNMR  spectra  of  samples  DPPC  (60%)/POPS  (40%) with  36 
wt.% H2O (left column) and DPPC (60%)/POPS (40%) with 50 wt.% H2O (middle 
column),  and  DPPC  (54%)/POPS  (36%)/OLZ  (10%)  with  50  wt.%  H2O  (right 
column)  between  sample  temperatures  296  K  (23 )  and  316  K  (43 ),  the 
experimental  temperature  is  labelled  with  the  corresponding  spectrum.  All 




H2O, b) DPPC  (60%)/POPS  (40%) with 50 wt.% H2O, and c) DPPC  (54%)/POPS 





H2O bilayers DPPC  (60%)/POPS  (40%) and DPPC  (54%)/POPS  (36%)/OLZ  (10%) 
at  the  temperatures  of  23,  33  and  43  .  T1  constants  above  the  liquid‐
crystalline phases (43 ) are underlined. 
Carbon (s) 
DPPC / POPS (50 wt.% H2O) DPPC / POPS / OLZ (10%) (50 wt.% H2O) 
23  33  43  23  33  43  
Carbonyl (1): 
 
sn-1 C=O (1a) 1.18  1.30  1.34  2.57  2.08  1.41  
sn-2 C=O (1b) 1.55  1.60  1.77  0.88  0.36  0.42  
Carboxyl (F) 1.03  1.55  1.66  1.41  1.88  2.51  
POPS C=C: 
 
C9 0.55  0.59  0.71  0.69  0.73  0.81  
C10 0.47  0.55  0.60  0.67  0.71  0.80  
Glycerol Carbons: 
 
sn-1 (A) 0.12  0.15  0.15  0.11  0.11  0.16  
sn-2 (B) 0.36  0.39  0.50  0.57  0.72  0.87  
sn-3 (C) 0.09  0.11  0.10  0.22  0.18  0.04  
Serine Carbons: 
 
α (D) 0.12  0.18  0.21  0.42  0.55  0.66  
β (E) 0.39  0.37  0.40  0.49  0.68  0.93  
Choline Carbons: 
 
α (G) 0.18  0.21  0.23  0.29  0.28  0.33  
β (H) 0.23  0.24  0.32  0.35  0.35  0.38  
CH3 (I) 0.25  0.30  0.36  0.32  0.36  0.49  
Palmitic Carbons: 
 
2 0.34  0.23  0.21  0.91  0.61  0.48  
3 0.77  0.61  0.52  0.63  0.53  0.64  
4−7 0.85  0.83  0.72  0.88  0.85  0.83  
12, 13 0.68  0.71  0.70  0.64  0.65  0.74  
14 1.05  1.11  1.17  0.99  1.04  1.24  
15 0.92  0.99  1.08  0.96  1.24  1.19  
16 1.73  1.88  3.51 2.20  2.25  4.35  
Oleic Carbons: 
 
8, 11 0.73  0.71  0.66 0.71  0.66  0.67  




Table  2.  31P  spin‐lattice  relaxation  time  constants  T1  (seconds)  of  DPPC 




  DPPC/POPS   DPPC/POPS   DPPC/POPS/OLZ (50 wt.% H2O)‡ 
(36 wt.% H2O) (50 wt.% H2O) PS region   PC region 











23 0.94 1.15 
  
0.96 1.08 1.04 
  
0.88  1.00  0.99  
  
0.72  0.68  0.94  
27 0.85 1.02 0.88 0.93 0.94 0.80  0.76  0.93  0.79  0.68  0.95  
31 0.78 0.92 0.76 0.76 0.65 0.82  0.77  0.88  0.78  0.76  0.83  
35 0.68 0.81 0.64 0.64 0.59 0.76  0.73  0.83  1.09  0.75  0.81  
39 0.65 0.63 0.64 0.55 0.74 0.72  0.66  0.81  1.24  0.79  0.63  
43 0.63 0.57 0.61 0.53 0.78 0.67  0.54  0.71  1.96  0.88  0.62  























































































































































































1 a 1 b Carboxyl (F)
a) DPPC/POPS (~ 36 wt.% H 2O )
173.42      173.70           171.80b) DPPC/POPS (~ 50 wt.% H 2O )
173.63  174.05†,173.79    171.64
c) DPPC/POPS/OLZ (~ 50 wt.% H 2O) 173.54      174.08     177.51*,171.71 

























a) DPPC/POPS (36 wt.% H2O ) 130.16          129.68
b) DPPC/POPS (50 wt.% H2 O ) 130.15           129.68
c) DPPC/POPS/OLZ (50 wt.% H2 O) 130.06          129.73
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CSA values ( ±1 ppm) of static 31P NMR spectra listed below
a) b) c)
50 0 -50
ppm
50 0 -50
ppm
b)
T=43℃T=27℃
a)
c)
